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Abstract

Neck pain is the most common neck musculoskeletal disorder, and the fourth leading cause of
healthy years lost due to disability in the world. Due to the need of hands-on physical therapy and
Canada’s aging population, access to treatment will become highly constrained. Wearable devices
that allow at-home rehabilitation address this future limitation. However, few have emerged from
the laboratory setting because they are limited by the use of conventional actuators. An overlooked
type of actuation technology is that of piezoelectric actuators, more specifically, travelling wave
ultrasonic motors (TWUM).

In this work, a clear procedure that outlines how the required parameters within the hybrid
TWUM model can be identified, as well as an assessment of the use of TWUMSs within wearable
devices for the neck, is presented. The procedure includes custom testing setups that were designed
to identify the stator motion parameters, and the Coulomb coefficient of friction. The accuracy
of the determined parameters were confirmed when the angular velocity of the hybrid model at
different duty cycles was compared to the real TWUM being modelled, producing a coefficient of
determination of 0.974. The model was then used to create a position control system that controlled
the joints of a virtual robotic manipulator that modelled the neck. The manipulator exhibited a
maximum absolute mean error of only 0.0289 m when simulating the required trajectories of range
of motion exercises. This performance, in addition to the exemplary traits TWUMs express,
demonstrate their potential to advance the field of wearable mechatronic devices.

Index terms— Piezoelectric, travelling wave ultrasonic motor, wearable mechatronic devices.
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Lay Summary

Neck pain is the fourth leading cause of healthy years lost due to disability in the world.
Standard treatment requires specialized exercises from a physical therapist. However, access to
therapists is already challenging and will become even more so as life expectancy continues to
increase. At-home therapy addresses these limitations but requires device improvements. Few
devices have emerged from the lab setting due to the use of traditional actuators. These actuators
require excessive power, are heavy, obtrusive, and are not designed for human interaction. This
ultimately prevents the devices from being wearable.

In this work, the use of piezoelectric travelling wave ultrasonic motors within wearable devices
for neck therapy is assessed. First, a list of the physical constants that dictate the performance
of the motor, and how they can be determined, is presented. This information is then used to
create a model of an ultrasonic motor, along with a position control system. Finally, the control
system is used within a virtual neck model, and its ability to replicate neck motion during therapy
exercises is analyzed. The results obtained, along with the qualities that ultrasonic motors have,

suggest that they have great potential within wearable devices and should be explored further.
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Figure 5.12: Trajectory of the neck manipulator produced by the neck simulator when performing
(a) flexion—extension, (b) lateral flexion, and (c) rotation ROM exercises.

Table 5.6: MSE and absolute mean error between the reference and true manipulator trajectories
of the neck manipulator when simulating ROM exercises.

Exercise MSE (m?) | Absolute Mean Error (m)
Flexion—Extension 0.89 0.0289
Lateral Flexion 0.399 0.0188
Rotation 2.618 x 1074 5.323 x 1074

One final aspect that needs to be considered for a wearable device intended to guide and

correct neck ROM and neuromuscular training exercises is the force it applies to the user. As
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mentioned in Section 2.3, it is essential that a device of this nature guides the user rather than
actively moves them. The force it applies should therefore be of similar magnitude to a vibrotactile
haptic feedback force, such that it is enough to physically alert the user, but not enough to induce
motion. Rantala et al. developed a headband that guides the gaze of the user by providing cues to
different parts of the head through the utilization of vibrotactile actuators embedded within the
headband [125]. The specific actuators used were the 10 mm linear resonant actuator produced
by Precision Microdrives. They have a mass of 2 g and a nominal vibrational amplitude of 1.5
G, which equates to approximately 0.0294 N of force through Newton’s second law [126]. As
mentioned in Section 4.4.1.1, the 30 mm PCBMotor TWUM has a stall torque of 15 mNm. As
such, it has the capability of producing an equivalent force if the motor actuates a torque arm
of 0.51 m or less. Considering that the distance between the base and end effector of a wearable
device for the neck can be approximated to be 0.239 m, as discussed in Section 5.3.1, a link smaller
than 0.51 m is favourable for an unobtrusive design. However, the motor would also have to be
employed within a torque control system if it is to provide these forces in a safe and controlled
manner. As discussed in Section 2.8, this has proven to be quite difficult and requires further
advancement.

Regardless, the analysis presented here demonstrated that TWUMs are more than capable
of effectively facilitating and correcting neck ROM exercises. While a real wearable mechatronic
device would exhibit inherent physical limitations that would inevitably decrease the overall accu-
racy shown in this section, the neck simulator and force analysis still hold merit in exemplifying
that the exceptional performance of TWUMs make them an appealing actuator whose use within

wearable devices should be pursued further.

5.4 Travelling Wave Ultrasonic Motor Qualitative Analysis

The previous sections within this chapter focused on assessing the feasibility of utilizing TWUMs
within a wearable mechatronic device for the neck by analyzing their quantitative performance
within a kinematic neck simulator model. This section will consider the equally important quali-

tative aspects of TWUMs and assess how well they meet the requirements of wearable devices. As
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mentioned throughout the course of this thesis, TWUMs exhibit many specialized traits that sepa-
rate them from conventional actuators, which have been a major limiting factor in the adoption of
wearable mechatronic devices into common practice. The greatest advantage that TWUMs offer
with respect to their use within wearable mechatronic devices are their bio-inspired high-torque
low-speed operation [16, 21, 36]. Not only does this characteristic mean that the motors move
just as human joints do, but it also allows them to operate in a direct-drive configuration, which
eliminates the need for any speed-reducing transmission or gear-train [16, 36, 127]. While this
eliminates any potential of backlash or reduced efficiency from transmission loss, it also helps in
reducing the overall weight of the device. That being said, TWUMSs also exhibit exceptionally high
torque densities [16, 36]. This means that despite their small size and lightweight nature, they can
still produce high torque outputs. In fact, TWUMSs stored energy densities are ten times greater
than DC motors of the same size and weight [127]. This greater affinity for miniaturization is ideal
for wearable devices as it would allow them to be more compact, portable, and lightweight. In
addition to these characteristics, the silent operation of TWUMs allows for improved aesthetics
within wearable devices, making them more wearable and therefore useful [16, 21, 36]. Given the
operating principles of TWUMs, they are not influenced by, nor produce, electromagnetic fields
[16, 127]. This is very beneficial for wearable devices that are meant to work in environments
where electromagnetic fields are present, such as aiding the motion of a patient when performing
magnetic resonance imaging. The frictional interaction between the rotor and the stator within
TWUMSs also allows them to exhibit holding torques that are greater than their respective stall
torques and do not require any energy input. This both reduces the complexity of the wearable
device by eliminating the need of an external brake while also increasing the efficiency of the
system [16, 36]. The frictional interface also allows TWUMs to exhibit a compliant nature. For
example, if the wearable device were to extend the user beyond a comfortable physiological range,
the rotor could be overpowered such that it stops rotating without damaging the motor. This is
an extremely important consideration as the primary purpose of wearable devices are to aid the
user, not cause further injury.

As with most things, TWUMs do exhibit non-ideal traits, which must be considered as no

device is immune to component trade-offs. The main disadvantage of TWUMs is their lower
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efficiency compared to conventional actuators such as DC motors [36]. However, this is somewhat
balanced out by eliminating the need of speed-reducing transmissions as mentioned above. Another
trait that must be considered to ensure safety is the requirement of a high voltage power supply
[36]. While the required power is not different from other actuators, the high voltage poses the
potential of harming the user and requires proper shielding to be a serious consideration. The
operational lifespan of TWUMSs is also lower than conventional actuators due to the frictional
interaction between the rotor and the stator [36]. While the frictional forces are required for the
motor to operate, they increase the wear at the contacting surfaces at a faster rate than what
is traditionally expected from normal use. Finally, the complex dynamic behaviour of TWUMs
require more advanced modelling and control schemes for accurate wearable device development.
This may require more advanced planning and testing if one were to utilize TWUMs instead of

conventional actuators that already have advanced resources available.

5.5 Conclusion

The contents of this chapter assessed the feasibility of the use of TWUMs within wearable mecha-
tronic devices both quantitatively and qualitatively. The quantitative performance of TWUMs
was first assessed by employing the hybrid TWUM model developed in Chapter 4 within a PID
based position control system model. The control system was implemented physically with the real
30 mm PCBMotor TWUM to evaluate the efficacy of the model. In order to optimize the control
system, the PID controller had to be re-tuned with the real motor to account for its inherent phys-
ical limitations. However, the gains obtained from tuning the model provided an excellent starting
point from which the new gains were easily identified. The MSE and absolute mean error of the
position control system model compared to its implementation with the real motor increased from
2.566(°)% and 1.452° to only 14.199(°)? and 3.125° respectively. Considering the limitations asso-
ciated with the real motor, and the inevitable performance degradation when comparing virtual
models with their physical realizations, these results prove the model to be successful. With con-
firmation that the control system model effectively represents how a real TWUM would perform,

a neck simulator capable of simulating neck motion during ROM exercises was created. The sim-
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ulator was designed such that the joints of a spherical wrist manipulator that models the motion
of the neck were controlled by hybrid models of the 30 mm PCBMotor TWUM employed within
position control system models. The control system models were updated with a more accurate
sensor to better represent a system that would be found within a wearable mechatronic device.
The generated joint paths required to simulate neck flexion—extension, lateral flexion, and rotation
during ROM exercises, were used as the reference signals for the different position control system
models. A sinusoidal disturbance was also added to the control systems to simulate an individual
drifting off the intended trajectory of the exercise in order to assess the correcting capabilities of
the TWUMs. The resulting exercise trajectories produced by the simulator exhibited extremely
high accuracy with the greatest MSE and absolute mean error being only 0.89 m? and 0.0289 m
respectively. These results demonstrate that TWUMs are very capable of facilitating and cor-
recting ROM and neuromuscular training exercises, as good form is essential for their success.
The low-speed high-torque, silent, compact, and lightweight nature of TWUMSs also propel them
ahead of conventional actuators, as these qualities alone would allow wearable mechatronic devices
to be truly wearable. The use of TWUMSs within wearable mechatronic devices has proven to
be extremely appealing given their exceptional performance and various qualities, which almost
seem tailored for wearable devices. It is recommended that the use of TWUMs within wearable

mechatronic devices, particularly for guiding and correcting purposes, be further investigated.



Chapter 6

Concluding Remarks

The work presented in this thesis was aimed towards developing a detailed procedure, which
involved custom testing setups, to identify the required parameters within the hybrid TWUM
model. The performance of the model was compared with the real motor being modelled in order
to ensure its accuracy. Once confirmed, the model was employed within position control system
models that were used to control a virtual robotic manipulator capable of simulating neck ROM
exercises. The purpose of the neck simulator was to assess the feasibility of utilizing TWUMs
within wearable mechatronic devices. Furthermore, a literature review was performed to identify
the requirements of wearable mechatronic devices for neck rehabilitation purposes, the operating
principles of piezoelectricity and TWUMs, and the derivation of the governing relations used within
the hybrid TWUM model.

Given the difficulty of modelling TWUMs due to their complex nature, the majority of literature
related to the topic focuses on creating new modelling techniques. In order to streamline the
process, authors either model the same TWUMs due to their readily available parameters, or
simply use conservative parameter estimates. This poses a significant limitation with respect to
modelling different TWUMSs, as the method by which the various parameters can be identified, let
alone what they represent, is usually omitted. While most of these parameters can be determined
from basic physical and electrical measurements and calculations, the stator motion parameters and
Coulomb coefficient of friction require more in-depth methods to accurately identify. While some

procedures to identify these parameters already exist, they involve the use of highly specialized
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equipment, such as impedance analyzers and dynamic tribometers, to which most laboratories do
not have access. The testing setups developed in this work utilize only an oscilloscope, waveform
generator, resistors, torque sensor, motorized lead screw, rope, weights, and parts produced with a
3D printer. The accuracy of the determined parameters were confirmed when the no-load angular
velocity of the hybrid TWUM model at different duty cycles was compared to the real 30 mm
PCBMotor TWUM, producing a coefficient of determination of 0.974. The model was then used
to create and tune a PID based position control system, which exhibited astonishing accuracy,
as the MSE and absolute mean error between the reference and true angular position were only
2.566(°)2 and 1.452°, respectively. This performance was confirmed when the control system
was implemented with the real motor and the MSE and absolute mean error increased to only
14.199(°)% and 3.125°, respectively. While the controller gains did require adjusting to account
for the inherent physical limitations of the real motor, they were easily deduced from the gains
determined with the model. The ability of TWUMSs to facilitate rehabilitation exercises was then
clearly demonstrated through the neck simulator, which exhibited a maximum MSE and absolute
mean error of only 0.89 m? and 0.0289 m respectively when simulating the required trajectories
of ROM exercises while actively rejecting disturbances. This performance, in addition to the
exemplary traits TWUMSs express, demonstrate that they are a favourable option over conventional
actuators within wearable mechatronic devices.

While this work illustrated the potential TWUMSs have within the field of wearable mechatronic
devices, further work with respect to controlling their dynamic performance is required before they

can begin to replace conventional actuators.

6.1 Contributions
The contributions of the work presented in this thesis are as follows:

1. Clearly outlined what each parameter within the hybrid TWUM model represents, explained
how they can be determined, and provided examples of how there were identified with the 30
mm PCBMotor TWUM. As previously mentioned, the majority of literature simply reuses

parameters of well-known TWUMs, or conservatively estimates them. The lack of resources
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regarding parameter identification makes modelling lesser known TWUMs a very arduous
task. This work provides guidelines on how to create models of any TWUM, allowing the

various benefits they have to offer to be further explored.

2. Developed a testing setup comprised of equipment found in most laboratory settings, which
can be used to employ the electrical network method and El Ghouti’s analogy to identify the
motion parameters of a TWUM stator. The use of an oscilloscope, waveform generator, and
resistors to obtain the admittance response of a TWUM stator is significantly more accessible
than an impedance analyzer, which is limited due to their exuberant costs. The developed
MATLAB scripts also automate the entire process, identifying the motion parameters and

the values of the equivalent circuit parameters if use of the ECM is desired.

3. Developed a testing setup that can accurately determine the Coulomb coefficient of friction
between a TWUM rotor and stator. Similar to the admittance response setup, the friction
setup is comprised of relatively basic equipment, which includes a torque sensor, motorized
lead screw, rope, weights, and 3D printed parts. The developed MATLAB scripts again
automate the process, preventing any required analysis from the user. The setup proved
to be extremely repeatable and accurate, avoiding the need of specialized equipment, such
as quasi static and dynamic tribometers. Its ability to account for the effects of Coulomb,
static, and viscous damping friction also provides the ability to utilize a more in-depth friction

representation within TWUM models for those who care to do so.

4. Quantitatively and qualitatively assessed the feasibility of utilizing TWUMs within wearable
mechatronic devices for neck rehabilitation purposes. The development of the neck simulator
provided an opportunity to assess TWUMs ability to perform neck ROM exercises under the
notion that if they are able to simulate the exercises, they should be able to facilitate and
correct them. In order for this to be accomplished, the requirements of a wearable mecha-
tronic device intended for neck rehabilitation purposes needed to be established; something
missing within literature despite the prevalence of neck MSDs. The remarkable performance
and ideal qualities of TWUMs presented in this work provides a strong case for their use

within wearable mechatronic devices to be further explored in future work.
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6.2 Limitations and Future Work

While the method in which the parameters required within the hybrid TWUM model could be de-
termined, and TWUMSs potential within wearable mechatronic devices for rehabilitation purposes
was presented, further developments and work needs to be completed if TWUMSs are to become
a standard actuator within wearable devices. Some areas of focus to improve the work done here

and explore further are listed below:

1. Assess confidence of the determined parameters. Every TWUM parameter identified within
this work was reported as a single value to at least three decimal places, as is customary
within TWUM modelling literature. However, apart from comparing the performance of
the model to the real motor and considering the accuracy of the equipment used, no proper
analysis was performed to justify this level of precision. Traditionally, values determined
through experimental procedures include confidence intervals that account for the uncer-
tainty introduced by the equipment and its propagation through mathematical operations.
Reporting the associated confidence intervals of the experimentally determined parameters
would not only help justify their precision, but could also allow for more accurate values to
be determined. This could ultimately result in a model that simulates the performance of

the real motor to a higher degree of accuracy.

2. Identify the true electromechanical force factor. The greatest limitation with respect to the
parameter identification procedure presented in this work was estimating the electromechan-
ical force factor through iteratively simulating the hybrid TWUM model until it produced
the correct outputs. Although the model was able to perform very similarly to the real mo-
tor, as shown in the no-load speed at various duty cycles and position control system tests,
the estimation may have compensated for the inaccuracy of the determined parameters,
specifically the stator motion parameters. This estimation technique could have prevented
necessary refinements of the procedure or the testing setups. While the use of Laser Doppler
Vibrometers is the most accurate and practical way to quantify the force factor, they are
quite inaccessible due to their costly nature. An interesting future study could be the devel-

opment of a test that quantifies the electromechanical force factor via a proxy measure. The



6.2 Limitations and Future Work 154

electromechanical coupling factor, a variable that quantifies a piezoelectric ceramic effective-
ness in converting electrical energy into mechanical energy, could be a potential avenue to

explore [128].

3. Investigate other TWUM brands or configurations. Given that The Wearable Biomechatron-
ics Laboratory already possessed a 30 mm PCBMotor TWUM, and this work was the first
to focus on piezoelectric actuators in the laboratory, the PCBMotor TWUM was the most
logical piezoelectric actuator to utilize. While the 30 mm PCBMotor TWUM did present
ideal traits with respect to its modular design and manipulable hardware, it possessed some
inherent physical limitations and low torque outputs that would likely prevent its use within
a wearable device. Larger TWUMs from PCBMotor, or other manufacturers such as Physik
Instrument, Piezo Sonic, or Shinsei, can produce greater torque outputs and may allow for
greater capabilities within wearable devices. PCBMotor’s use of piezoelectric cubes to pro-
duce TWUMs also offers the ability to design custom motors with multiple motors on a single
PCB. This gives the opportunity to design a motor to not only meet the required outputs of
a wearable device, but also offers greater freedom by eliminating any predefined housing or

anchoring requirements.

4. Design a wearable device. While the neck simulator was an adequate preliminary tool to
test the effectiveness of TWUMSs within a wearable mechatronic device, further advancement
will require the design or implementation of a real device. The design of a real device will
allow for the required outputs and performance of TWUMSs to be accurately determined,
making their selection significantly easier and more meaningful. If a wearable device for the
neck is to be pursued, a design similar to the manipulators developed by Zhang et al. or
Guzman-Victoria et al. is recommended [45, 49]. Both of these devices are designed such
that they are anchored to the user through a collar that goes over the shoulders, with the
end effector attached to the back of the head at forehead height through a series of rigid
links. This device configuration offers a strong connection with the user, the ability to utilize
TWUMs to actuate the revolute joints, and is safer than a cable driven design given the

vulnerability of the neck.
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5. Consider more advanced control schemes. The fixed gain PID control scheme implemented
within this work was sufficient given the constant load assumptions and purely kinematic
analysis. However, a constant load during rehabilitation exercises is very unlikely to occur,
as this would require the user to move through the intended exercise trajectory with perfect
form and timing. Another important factor that was not considered in this work is tracking
the resonant frequency of the motor. As discussed in Section 3.2, the resonant frequency of
a TWUM is subject to drift due to an increase in temperature as a result of the frictional
driving forces. Again, it was not considered in this work because PCBMotor employs an
integrated current tracking controller that dynamically adjusts the frequency of the supply
voltage to match the drifting resonant frequency. This type of controller, however, is not
available with every TWUM, and may impose limitations on the control system as it requires
dedicated processor usage. In order to account for varying loads and frequency drift, it is
recommended that a more advance control scheme is implemented. Two possible control
schemes investigated by Brahim et al. include H-oo and discrete time RST [129]. They re-
ported that both controllers offered perturbation rejection and superior robustness to varying
motor conditions, allowing for a more precise position control system when compared to a

PID controller.

6. Develop a dynamic control law. Both the control of the 30 mm PCBMotor TWUM and neck
simulator presented in this work solely considered the kinematic behaviour of the motors,
as only position control systems were implemented. However, a vital aspect to ensure that
wearable devices are both effective and safe is the employment of an accurate force/torque
control system [35]. As discussed in Section 2.8, the complex dynamics of TWUMs make
developing an effective torque control system quite difficult. Seigler et al. and Giraud et al.
both attempted to develop TWUM torque control systems for haptic feedback applications,
with the latter seeing greater levels of success [77, 130]. Both, however, experienced difficulty
in controlling the position and torque of the motor simultaneously due to the stick-slip
behaviour of TWUMSs, and advised that more advanced, adaptive position control techniques

are likely required. Given that both position and torque control are necessary for a wearable
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mechatronic device to properly facilitate rehabilitation in a safe manner, greater development
in controlling both is required if the use of TWUMs in wearable devices is to be further

pursued.

The purpose of this thesis was to assess the effectiveness of TWUMSs within a wearable mecha-
tronic device for the neck by analyzing their ability to facilitate ROM and neuromuscular training
exercises. This was accomplished by simulating the required neck motion during ROM exercises
through TWUM models within position control systems, which actuated the joints of a virtual
robotic manipulator modelling the neck. The main objectives of this work, which were to develop
a clear procedure and custom testing setups comprised of equipment readily available to most
laboratories to identify the required parameters within the hybrid TWUM model, were achieved.
The identified parameters allowed the hybrid TWUM model to produce no-load speeds over the
full duty cycle range with a coefficient of determination of 0.974 when compared with the real
motor. Continued work should first consider the incorporation of more advanced control schemes
that focus on controlling the position and output torque of TWUMSs simultaneously. This type of
control system would allow for the dynamics of the neck during ROM and neuromuscular train-
ing exercises to be evaluated and incorporated into the developed neck simulator, so that it can
model the performance of a real human neck more accurately. Once the torque and position of
a TWUM can be accurately controlled, such that it can safely interact with the virtual dynamic
model of the human neck, the next step will be to begin designing a physical wearable device that
can incorporate TWUMs effectively. This wearable device prototype will allow for the physical
performance of the motors and control system to be assessed, as well as ensure that the device can
safely interact with the user before clinical testing commences. The work presented in this thesis
is the first step in demonstrating that TWUMSs have great potential to replace the conventional

actuators that have limited the adoption of wearable devices thus far.
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Appendix A

MATLAB Code

A.1 Stator Admittance Data Acquisition Testing Setup

A.1.1 Stator Admittance Data Acquisition Testing Setup Equipment Control

The purpose of this script is to excite a Traveling Wave Ultrasonic Motor
% Stator with a sinusoidal frequency sweep and record the voltages from the

test circuit which will be used to calculate its admittance. The script

o

is written to work with the Rigol DG1022 Arbitrary Waveform Generator and

DS1052 or DS1104 Oscilloscope. The script creates VISA objects which

o

represent the devices and communicates with them through serial commands
% which require a pause to prevent communication errors. The script has the
% scope 'auto' so the screen optimally displays the voltages. The waveform
% generator then sweeps through the outlined sinusoidal frequencies and the

% voltage waveforms displayed on the oscilloscope screen are recorded and

ormatted.

% Find VISA-USB objects

DG1022 = instrfind('Type', 'visa-usb', 'RsrcName', ::0x0400::0x09C4::DG1D174002776::0::INSTR', 'Tag', '');

DS1052 = instrfind('Type', 'visa-usb', 'RsrcName', :0x1AB1::0x0588::DS1ET171204076::0::INSTR', 'Tag', '');

DS1104 = instrfind('Type', 'visa-usb', 'RsrcName', 'USBO::0x1ABl::0x04CE::DS1ZD225201496::0::INSTR', 'Tag', '');

% Create the VISA-USB object if it does not exist, otherwise use the object
% that was found.
if isempty (DG1022)
DG1022 = visa('NI', 'USBO::0x0400::0x09C4::DG1D174002776::0::INSTR");
else
fclose (DG1022) ;
DG1022 = DG1022(1);
end
if isempty (DS1052)
DS1052 = visa('NI', 'USBO::0x1ABR1::0x0588::DS1ET171204076::0::INSTR');
else
fclose (DS1052) ;
DS1052 = DS1052(1);
end
if isempty (DS1104)
DS1104 = visa('NI', 'USBO::0x1ABR1::0x04CE::DS17ZD225201496::0::INSTR"');

167
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else
fclose (DS1104);
DS1104 = DS1104(1);
end
% Set Scope Being Used
scope = DS1104;
% Set Scope Buffer Size
if (scope == DS1052)
buf_Size = 610;
end
if (scope == DS1104)
buf_Size = 1212;
end
% Configure Instruments
t = 0.2;
set (scope, 'InputBufferSize', buf_Size);
pause (t);
% Connect to Instruments

fopen (DG1022) ;

o

pause (t);
fprintf (DG1022, 'OUTP OFF');

o°

pause (t);

% Oscilloscope Input Buffer

Connect to DG1022

Turn Channel 1 Output Off

fprintf (DG1022, 'OUTP:CH2 OFF'); % Turn Channel 2 Off
pause (t);

fopen (scope) ; % Connect to Oscilloscope
pause (t);

fprintf (scope, ':CHAN1:DISP OFF'); % Turn Channel 1 Display Off

pause (t);

fprintf (scope, ':CHAN2:DISP OFF'); % Turn Channel 1 Display Off

pause (t);

% Sinusoidal Wave Sweep Parameters

min_F = 30000; % Starting Frequency (Hz)

max_F = 50000; % Ending Frequency (Hz)

step = 10; % Step Size (Hz)

Vpp = 6; % Wave Peak-to-Peak Voltage (V)

% Sinuoidal Waves

% Auto Scope to Display Optimum Conditions

o

sine_Wave = append('APPL:SIN ',num2str (max_F),"',"',num2str(Vpp),',0"); % Command:

o

cos_Wave = append('APPL:SIN:CH2 ',num2str (max_F),',',num2str (Vpp),'0'); % Command:

% Send Waves to Waveform Generator
fprintf (DG1022, 'VOLT:UNIT VPP');
pause (t);

fprintf (DG1022, 'VOLT:UNIT:CH2 VPP');
pause (t);

fprintf (DG1022, sine_Wave);

pause (t);

fprintf (DG1022, cos_Wave);

pause (t);

fprintf (DG1022, 'PHAS:CH2 90'");
pause (t);

fprintf (DG1022, 'OUTP ON');

pause (t);

Set Channel 1 Voltage Unit as Vpp

Set Channel 2 Voltage Unit as Vpp

Send Desired Sine Wave Command

Send Desired Cos Wave Command

Phase Shift Channel 2 to Produce Cos Wave

Turn Channel 1 Output On

% Pause Time to Prevent Communication Error

'"APPL:SIN f,amp,offset’
'APPL:SIN f,amp,offset’
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fprintf (DG1022, 'OUTP:CH2 ON'); % Turn Channel 2 Output On

pause (t);

fprintf (DG1022, 'PHAS:ALIGN'); % Align Channels so their Timing Matches
pause (t);

fprintf (scope, ':CHANI1:DISP ON'); % Turn Channel 1 Display On

pause (t);

fprintf (scope, ':CHAN2:DISP ON'); % Turn Channel 2 Display On

pause (t);

fprintf (scope, ':AUT'); % Auto Adjust Scope Display

pause (10); % Larger Pause to Allow Screen to Update

% Obtain Scope Display Parameters
% DS1052 Display Parameters
if (scope == DS1052)
time_Div = str2double (query (DS1052,

:TIM:SCAL?'")); % Time Scale (s/div)

pause (t);

volt_Div = str2double (query(DS1052, :CHAN1:SCAL?")); % Voltage Scale (v/div)
pause (t);

vert_Off = str2double (query (DS1052,

:CHAN1:0FFS?'")); % Vertical Offset (v)

pause (t);

time_Off = str2double(query(DS1052, ':TIM:0FFS?')); % Time Offset (s
pause (t);
end
% DS1104 Display Parameters
if (scope == DS1104)
fprintf (scope, ':WAV:SOUR CHAN1'); % Set Channel 1 as Channel to Pull Data From
pause (t);
fprintf (scope, ':WAV:MODE NORM') ; % Set to Normal Mode, Read Waveform on Screen

pause (t);

preamble_CHl1 = convertCharsToStrings (query(DS1104, ':WAV:PRE?')); % Obtain Channel 1 Preamble

pause (t);

fprintf (scope, ':WAV:SOUR CHAN2'); % Set Channel 2 as Channel to Pull Data From
pause (t);

fprintf (scope, ':WAV:MODE NORM') ; % Set to Normal Mode, Read Waveform on Screen
pause (t);

preamble_CH2 = convertCharsToStrings (query(DS1104, ':WAV:PRE?')); % Obtain Channel 2 Preamble

pause (t);

o

% Extract Information from Preamble

preamble_CHl1 = split (preamble_CH1, [","]); % Separate Channel 1 Preamble Contents
x_Inc(l) = str2num(preamble_CHI1 (5)); % X-Axis Increments

%x_0rg(l) = str2num(preamble_CH1 (6)); % X-Axis Origin

x_Ref (1) = str2num(preamble_CHI1 (7)) ; % X-Axis Reference

y_Inc_CH1(l) = str2num(preamble_CHI1(8)); % Channel 1 Y-Axis Increments
y_Org_CH1 (1) = str2num(preamble_CHI1(9)); % Channel 1 Y-Axis Origin

y_Ref_CH1(1l) = str2num(preamble_CHI1 (10)); % Channel 1 Y-Axis Reference
preamble_CH2 = split (preamble_CH2, [","]); % Separate Channel 2 Preamble Contents
y_Inc_CH2 (1) = str2num(preamble_CH2(8)); % Channel 2 Y-Axis Increments
y_Org_CH2 (1) = str2num(preamble_CH2(9)); % Channel 2 Y-Axis Origin

y_Ref_CH2 (1) = str2num(preamble_CH2 (10)); % Channel 2 Y-Axis Reference

end

% Generate Sine Wave Command
for i = 1:((max_F-min_F)/step + 1)
% Formulate Desired Sine Wave Command
f = min_F + (i-1)=xstep; % Wave Frequency (Hz)
freq(i) = f; % Keep track of Frequency
sine_Wave = append('APPL:SIN ',num2str(f),"',"',num2str(Vpp),"',0"); % Sine Wave, Command: 'APPL:SIN f,amp,offset’
cos_Wave = append('APPL:SIN:CH2 ',num2str(f),',',num2str(Vpp),'0'); % Cosine Wave, Command: 'APPL:SIN f,amp,offset’

% Send Commands to DG1022 to Output Desired Wave
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fprintf (DG1022, 'OUTP OFE'); % Turn Channel 1 Output Off

pause (t);

fprintf (DG1022, 'OUTP:CH2 OFF'); % Turn Channel 2 Output Off

pause (t);

fprintf(DG1022, 'VOLT:UNIT VPP'); % Set Channel 1 Voltage Unit as Vpp
pause (t);

fprintf (DG1022, 'VOLT:UNIT:CH2 VPP'); % Set Channel 2 Voltage Unit as Vpp

pause (t);

fprintf (DG1022, sine_Wave); % Send Desired Wave Command
pause (t);

fprintf (DG1022, cos_Wave); % Send Desired Wave Command
pause (t);

fprintf (DG1022, 'PHAS:CH2 90'"); % Turn Channel 1 Output On
pause (t);

fprintf (DG1022, 'OUTP ON'); % Turn Channel 1 Output On
pause (t);

fprintf (DG1022, 'OUTP:CH2 ON'); % Turn Channel 2 Output On
pause (t)

fprintf (DG1022, 'PHAS:ALIGN'); % Align Channels so their Timing Matches
pause (t);

% Collect Data
if (scope == DS1052)

fprintf (scope, ':WAV:DATA? CHAN1l'); % Request Data from DS1052 Channel 1
pause (t);

temp = fread(DS1052); % Read in Data as Type Double

pause (t);

raw_Data_CH1(:,1i) = temp(ll:end); % Delete Header

fprintf (scope, ':WAV:DATA? CHAN2'); % Request Data from DS1052 Channel 2
pause (t);

temp = fread(DS1052); % Read in Data as Type Double

pause (t);

raw_Data_CH2(:,1i) = temp(ll:end); % Delete Header

end
if (scope == DS1104)
fprintf (scope, ':WAV:SOUR CHAN1'); % Set Channel 1 as Channel to Pull Data From
pause (t);
fprintf (scope, ':WAV:MODE NORM'); % Set to Normal Mode, Reads Waveform on the Screen
pause (t);
fprintf (scope, ':WAV:FORM BYTE'); % Set Return Type of Data as Byte

pause (t);

o

fprintf (scope, ':WAV:DATA?'); Request Data from Channel 1

pause (t);

temp = fread(scope); % Read in Data as Type Double
pause (t);

raw_Data_CH1(:,1i) = temp(l2:end-1); % Delete Header

fprintf (scope, ':WAV:SOUR CHAN2'); % Set Channel 2 as Channel to Pull Data From

pause (t);

fprintf (scope, ':WAV:MODE NORM'); % Set to Normal Mode, Reads Waveform on the Screen
pause (t);

fprintf (scope, ':WAV:FORM BYTE'); % Set Return Type of Data as Byte

pause (t);

o

fprintf (scope, ':WAV:DATA?'); Request Data from Channel 2

pause (t);

temp = fread(scope); % Read in Data as Type Double
pause (t);

raw_Data_CH2(:,1) = temp(l2:end-1); % Delete Header

end

end
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Convert Data to Voltage and Create Time Array

if (scope == DS1052)

for i=l:length(raw_Data(l,:))
for j = l:length(raw_Data(:,1))

V1(j,1i) = ((240-raw_Data_CHI1(Jj,1))* (volt_Div/25)~((vert_Off+volt_Div+4.6))); % Calculate Voltage 1
V2(j,i) = ((240-raw_Data_CH2(j,1i))* (volt_Div/25)—((vert_Off+volt_Divx4.6))); % Calculate Voltage 2

end
end
for i = l:length(raw_Data(:,1))
T(i) = (i-1)* (time_Div/50)~-((time_Div*6)-time_Off);

end

end
if (scope == DS1104)

for i=l:length(raw_Data_CHI1(1,:))
for j=l:length(raw_Data_CH1(:,1))
V1(j,1i) = (raw_Data_CH1l(j,1i)-y_Ref_ _CHl-y_Org_CH1)*y_Inc_CH1;
V2(j,i) = (raw_Data_CH2(j,1i)-y_Ref CH2-y_ Org_CH2)xy_Inc_CH2;
end
end
for i = l:length(raw_Data_CH1l(:,1))
T(i) = (i-1)*x_Inc + x_Org;

end

end

fprintf (DG1022, 'OUTP OFF'"); % Turn Channel 1 Output Off

pause (t);

fprintf (DG1022, 'OUTP:CH2 OFF'); % Turn Channel 2 Output Off

pause (t);

A.1.2 Stator Admittance Data Acquisition Testing Setup ECM

Identification

The purpose of this script is to calculate the parameters for the
equivalent circuit of a Piezoelectric ceramic. The script loads the data
collected from the Frequency_Sweep_Data_Collection.m script and fits a
sinusoidal to the voltage signals to allow for easier manipulation. The
amplitude and phase difference between the two sinusoids are used to
calculate the magnitude and phase of the impedance of the ceramic at the
different frequencies. The impedance is calculated Ohm's law by using

the voltages on either side of a resistor in series with the ceramic to
calculate the current, and then dividing the supply voltage by its result.
The admittance is then calculated from the impedance using complex number
laws and the fact that Y = 1/Z. The real and imaginary components of the
admittance are calculated in order to formulate the Nyquist plot. An
ellipse is then fitted to the Nyquist plot data using Fit_Ellipse.m to
allow for easier feature identification. The necessary data are then
obtained from the Nyquist plot. The motional series and parallel resonant
frequencies are identified with the use of InterX. Cd, Rd, and R are
identified by the shape and relative location of the Nyquist plot. C and

L are then calculated from relations involving the identified parameters.

Load Collected Data

Calculate Time Array

Calculate Voltage 1
Calculate Voltage 2

Calculate Time Array

Parameter

load('C:\Users\stracey6\OneDrive - The University of Western Ontario\MESc\Matlab\Collected_Data\DAQ Board\Sine\Raw_Data

\Mar_7_10Hz.mat");

Circuit Specifics

= 2000; % Value of Shunt Resistor
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[7,fs_idx] = min(abs(Y_Im(fs_Beg:fs_Fin) - Y_Ellipse_y (fs_Ellipse_.
fs_idx = fs_idx + fs_Beg - 1; %
S_L_x = linspace(0,Y_Re(fs_idx)); %
S_L_line = (Y_Im(fs_idx)/Y_Re(fs_idx))*S_L_x; %
P = InterX([S_L_x;S_L_linel, [Y_Ellipse_x;Y_Ellipse_y]); % P.O.

Format Data

=T'; %

Fit Sinusoids

or i = l:length(V1l(l,:))
vyl = V1(:,1); %
v2 = V2(:,1); %
[fitl] = sineFit(T, yl, 0); %
[fit2] = sineFit (T, y2, 0); %
ampl (i) = fitl(2); %
wl(i) = 2xpixfitl1(3); s
phasel (i) = fitl(4); s
amp2 (i) = £it2(2); %
w2 (i) = 2«pixfit2(3); %
phase2 (i) = fit2(4); %
V1_Sin(:,1) = ampl(i)+*sin(wl(i)+T + phasel(i)) + £itl(1); %
V2_Sin(:,i) = amp2(i)*sin (w2 (i)+T + phase2(i)) + fit2(1); %
clear yl y2 fitl fit2 %

nd

Calculate Admittance

hase = rad2deg(phase2);

= (ampl.xcosd(phase) - amp2 - 1j.xampl.*sind(phase)) ./ (amp2*R);
_Phase = rad2deg(angle(Y)) - rad2deg(phasel);
_Mag = abs(Y);

Adjust Vector Sizes

req = freq(l:end-2);
_Mag = Y_Mag(l:end-2);
_Phase = Y_Phase(l:end-2);

Calculate Admittance Components

_Re = Y_Mag.+*cosd(Y_Phase); % Real Component
_Im = Y_Mag.*sind(Y_Phase); % Imaginary Component

Obtain Start and End Indices for Nyquist Plot
find(freqg == 39000);
find(freg == 49980);

_beg =

_fin =

Determine Equivalent Circuit Parameters
Fit Ellipse
Parametric Equations for Tilted Ellipse
_Ellipse = Fit_Ellipse(Y_Re(Y_beg:Y_fin),Y_Im(Y_beg:Y_fin)); %
= linspace (0, 2+pi, 1000); %
X Values of Ellipse
_Ellipse_x =
% Y Values of Ellipse

Determine Frequencies of Interest

Set Search Limits

find(freq == 43000); %
45000) ; %

s_Beg =

s_Fin = find(freqg

“,fs_Ellipse_idx] = max(Y_Ellipse_x); %

Make Time a Column Vector for Fit_Sinusoidal

Y Ellipse.X0_in + Y_Ellipse.axcos(t)+*cos(Y_Ellipse.phi)

Y_Ellipse.Y0_in + Y_Ellipse.a*cos(t)*sin(Y_Ellipse.phi)

V1 Data

V2 Data

Call sineFit for V1

Call sineFit for V2

Amplitude of V1 Fitted Sinusoid

Angular Frequency of V1 Fitted Sinusoid
Phase of V1 Fitted Sinusoid

Amplitude of V2 Fitted Sinusoid

Angular Frequency of V2 Fitted Sinusoid
Phase of V1 Fitted Sinusoid

Populate V1 Fitted Sinusoidal Array
Populate V2 Fitted Sinusoidal Array

Clear Temporary Variables

% Phase of V2 (deg)

% Complex Admittance (S)
% Admittance Phase (deg)

% Admittance Magnitude (S)

Call Fit_Ellipse

Parametric Parameter

+ Y _Ellipse.bssin(t)*-sin(Y_Ellipse.phi);

+ Y_Ellipse.b*sin(t)+cos(Y_Ellipse.phi);

Lower Limit
Upper Limit
Maximum X Value of Fitted Ellipse

Determine the Closest Data Point between Collected Data and Ellipse Horizontal Maximum

Series-Parallel

idx)));

Adjust Relative Index to True Index

X Values for Series-Parallel Resonant Frequency Line

(S.P.) Resonant Frequency Line

I. between the Ellipse and Frequency Line
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[7,fp_idx] = min(abs(Y_Re(fs_idx:end) - P(1,1))); % Closest Data Point to P.O.I

fp_idx = fs_idx + fp_idx - 1; % Adjust Index of Parallel Resonant Frequency

o

% Calculate Equivalent Circuit Parameters

o

fs = freq(fs_idx); Series Resonant Frequency (Hz)

o

fp = freqg(fp_idx);

Cd = Y_Im(fs_idx)/ (2*pi*fs);

C = (Cdx(fp"2 - £s72))/(£fs72);

L 1/ (C* (2xpixfs)~2);

Rd = (1/min(Y_Ellipse_x));

R = 1/(max(Y_Ellipse_x) - 1/Rd);
circ_Parameters = [fs;fp;Cd;C;L;Rd;R];

Parallel Resonant Frequency (Hz)

o

Clamped Capacitance (F)

o0

Motional Capacitance (F)

o0

Motional Inductance (H)

o

Dielectric Losses (ohm)

o

Motional Losses (ohm)

o

Circuit Parameters

A.2 Friction Testing Setup

A.2.1 Torque Data PSD

% The purpose of this script is to determine the ideal cutoff frequency for
% a low-pass filter that is to be applied to the collected torque data from
% the friction testing setup. The cutoff frequency is determined by applying
% the fast Fourier transform to the next closest power of two of the data.

5 The power spectral density is then calculated and plotted to identify the

% corresponding frequency of the last meaning peak in data power.

% Load Sample Torque Data

dir = 'C:\Users\stracey6\OneDrive - The University of Western Ontario\MESc\Friction\Data\Dec_13\Kinetic\M';

data = xlsread(append(dir, '\"', "200_RPM_1.xlsx"'), 'B:B");

% Calculate FFT and PSD

Fs = 1000; % Sampling Frequency of Torque Sensor (Hz)

Ts = 1/Fs; $ Sampling Period of Torque Sensor (s

N = length(data); % Number of Data Samples

t = 0:Ts:Ts* (N-1); % Time Vector (s

NFFT = pow2 (nextpow2 (N)); % Number of Samples used for FFT with next closest Power of Two
Y = fft (data,NFFT); % FFT Data

PDS = abs(Y). 2/NFFT; % Power Spectral Density (G 2/Hz)

f = (0:NFFT-1) (Fs/NFFT) ; % Power Density Spectrum Scaled Frequency (Hz)

% Plot Results

figure

plot (£(1l:floor (NFFT/2)),PDS(1l:floor (NFFT/2)))

xlabel ('Frequency (Hz)','FontName', 'CMU Serif')

ylabel ('Power $\left (\frac{\textrm{G} 2} {\textrm{Hz}}\right)$', 'interpreter’,
x1im([0.1,17)

set (gca, 'FontName', 'CMU Serif')

'latex', 'FontName',

'CMU Serif')
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A.2.2 Friction Testing Setup Data Processing and Calculation of Coefficients

°

s

of Friction

The purpose of this script is to identify the Coulomb and static
coefficients of friction between the rotor and the stator of a TWUM. The
script first imports all of the collected torque data and compiles it

into a single dataset. The data are then filtered through a low-pass
filter. The Coulomb and static data are then separately windowed to
include the necessary information. The Coulomb data are windowed to use
the top flat of the trapezoidal velocity profile utilized by the motorized
motor. The static data are windowed to capture the increasing slope and
level off. The peaks and valleys of the data are utilized to identify the
start and end point of the useful data. The static data are also adjusted
to start at true zero. The Coulomb torque contribution from the TWUM is
determined by subtracting the torque data collected without the motor from
the data collected with the motor engaged. The coefficient of Coulomb
friction is then calculated from the dynamic relations of the testing
setup. The coefficient of static friction is calculated from first
identifying the peak torque and then calculated the same way as the

Coulombs coefficient.

Load Collected Data

load('torque_Data.mat');

s

o

Irp!
sp
tr
se

%

s

CONSTANTS

Collected Data Specifications

m = 100:50:400; % Motors Speeds Tested

eeds = length (rpm); % Indexing Variable

ials = 5; % Number of Trials per Speed
ts = 3; % Number of Datasets

Physical Parameters of Setup

1l =207.5/1000; % Length of Torque Arm (m)

m_Norm = 210.83/1000; % Mass of Weight on Motor (kg)

r_Mot = (27.35/2)/1000; % Radius of Motor Interface (m)

r_Attach = 15.725/1000; % Radius of Wire Attachment (m)

x_k = 8; % Linear Distance Traveled for Coulomb Test (mm)
x_s = 1.25; % Linear Distance Traveled for Static Test (mm)
lead = 2; % Lead of Leadscrew (mm/rot)

red = 29; % Gear Reduction

Fs
Ts
wn

fo

Filter Paramaters

= 1000; % Sampling Frequency (Hz)
= 1/Fs; % Sampling Period (s)
= 0.5; % Cutoff Frequency (Hz)

Filter Data
r i = l:sets
temp = torque_Data{i}; % Select Dataset
for j = l:speeds
for k = 1l:trials

data = -cellZ2mat (temp(k, J)); % Mirror Torque Data and Convert to Double
nyq Freq = Fs/2; % Nyquist Frequency

wn_Norm = wn/nyq_Freg; % Normalize Cutoff Frequency wrt Nyquist
[BW_b, BW_a] = butter(2,wn_Norm, 'low'); % Order 2 Butterworth Coefficient
temp_Filt = filtfilt (BW_b,BW_a,data); % Filter Data

filtered_Data{k, j,i} = temp_Filt (1000:end); % Ignore first 1000 Samples
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N = length(temp_Filt (1000:end)); % Number of Filtered Data Samples

t{k,Jj,1} = 0:Ts:Tsx (N-1); % Time Vector for Filtered Data Samples (s)

o

% Cleanup Workspace
clear data nyq Freqg wn_Norm BW_b BW_a temp_Filt N
end
end
clear temp

end

% COULOMB FRICTION
% Window Coulomb Data
for i = 1:2
for j = l:speeds
for k = 1l:trials

data = cell2mat (filtered_Data(k,j,1)); % Convert Torque Data to Double
t_Data = cell2mat (t(k,J,1)); % Convert Time Data to Double
N = length(data); % Determine Length of Torque Dataset

[peak_Val, peak_idx] = findpeaks(data(l:floor(N/2))); % Find Filtered Data Peaks

[dif,pdiff_idx] = max (abs(diff (peak_Vval))); % Determine Step Up Peak Index

% Find Index of Coulomb Peak within Filtered Data
if (bitand(i,0b01))
val = 0.01;

o

oe

Motor Data
else

val = 0.001;

o

No Motor Data

end

if (dif < wval)
pdiff_idx = 0;

o

Ensure Correct Peak is Chosen

o

Prevent Error

end

coul_Peak_idx (j,1) = peak_idx(pdiff_idx + 1); % Calculate Coulomb Peak Index of Filtered

o

% Determine Number of Required Samples

n = round((x_kxFsxred)/ (rpm(j)/60xlead),0);

% Window Data

Determine if Dataset is Motor or No Motor

beg = coul_Peak_idx (j,1); % Desired Beginning Index of Filtered Data
fin = coul_Peak_idx(j,1i) + n; % Desired End Index of Filtered Data
Coulomb_Data{k, j,i} = data(beg:£fin); % Window Filtered Data

Coulomb_Time{k, j,i} = t_Data(beg:fin) - t_Data(beg); % Window Time Vector (s)
% Cleanup Workspace
clear data t_Data N peak_Val peak_idx dif pdiff_idx val n beg fin
end
end

end

% Calculate Torque due to Friction of Motor
M= [];
NM = [];

o

Torque Data w/ Motor

o

Torque Data w/o Motor

o

speed_Grps = []; Testing Speed Populations
for i = l:speeds
for j = 1l:trials
M = [M;cell2mat (Coulomb_Data(j,1i,1))1;

NM = [NM;cell2mat (Coulomb_Data(j,1,2))];

o

Populating Array

o

Populating Array
end
speed_Grps = [speed_Grps; (ixones (length(cell2mat (Coulomb_Data(l,i,1)))*trials,1))];

end

°

Populating Array

Data Relative to t
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% Calculate Coulomb Motor and No Motor Statistics per Speed Group

[coul_M_Mean,coul_M_STD] = grpstats (M, speed_Grps, { 'mean', 'std'}); % Mean Torque and S.D. of each Speed Group w/ Mot
[coul_NM_Mean, coul _NM_STD] = grpstats (NM, speed_Grps, { 'mean', 'std'}); % Mean Torque and S.D. of each Speed Group w/o
Mot

% Calcualte Coulomb Motor and No Motor Statistics for all Trials, Assigned to Last Value in Array

coul_M_Mean = [coul_M_Mean; mean (M) ];

coul_M_STD = [coul_M_STD; std(M);
Means

coul_NM_Mean = [coul_NM_Mean; mean (NM)];

coul NM_STD = [coul_NM_STD; std(NM);
Means

% Calculate Piezo Motor Data

coul_Mot = coul_M Mean (1l:speeds)

coul_Mot =

[coul_Mot; (coul_M_Mean (end)

coul_Mot_STD = std(coul_Mot (1l:speeds));

% Calculate Coefficient of Coulomb Friction

u = (coul_Motxr_Attach)/(m_Norm+9.8lxr_Motxl); %

o

u_STD = std(u(l:speeds)); %

% Organize Coefficient of Coulomb Friction Values

% Calculate Coefficient of Coulomb Friction Statistics

std(coul_M_Mean (l:speeds))]; % Torque S.D.

std(coul_M Mean (l:speeds))]; % Torque S.D. of each Group,

— coul_NM_Mean (l:speeds);

Mean Coulomb Coefficient for each Group, Dataset,

% Mean Torque of Dataset w/ Motor

of each Group, Dataset,

o

% Mean Torque of Dataset w/o Motor

Dataset,

I

% Group Mean Torque Produced by the Piezo Motor

— coul_NM_Mean (end)); mean(coul_Mot)];% Mean Torque Produced by the

% S.D. between Groups of Torque Produced by the

Groups

Groups

Piezo Motor

Piezo Motor

Groups Mean

Standard Deviation of Coulomb Coefficient between each Group

u = array2table([u';coul_M_STD';coul _NM_STD'], 'VariableNames',{'100','150"','200",'250"','300"','350"','400"', 'Dataset', "'

Speed Groups'}, 'RowNames', { '"Mean u', 'STD Motor Torque','STD No Motor Torque'});

% STATIC FRICTION
% Window Static Data
for i = l:speeds
for j = l:trials
% Find Peaks
data = cell2mat (filtered_Data(j,1,3));
t_Data = cell2mat(t(j,1,3));
N = length(data);
[peak_Val, peak_idx] = findpeaks (data);
[dif,pdiff_idx] = max(diff (peak_Vval));

% Find Index of Static Peak within Filtered Data

if(dif < 0.01)
pdiff_idx = 0;

s

o

Convert Torque Data to Double

o

Convert Time Data to Double

o

Determine Length of Torque Dataset

o

Find Filtered Data Peaks

% Determine Step Up Peak Index

Ensure Static Peak is Chosen

Error Often Occurs when no Peak Before Static Present

elseif ((peak_Val (pdiff_idx+2)-peak_Val (pdiff_idx+1)) > 0.005)

pdiff_idx = pdiff_idx+1;

end

stat_Peak_idx(j,1) = peak_idx(pdiff_idx + 1);

% Find Valleys

[vall_val, vall_idx] = findpeaks(-data);
Peaks

[T,vdiff_idx] = max(abs(diff(vall_Vval)));

beg_vall_idx(j,1) = vall_idx(vdiff_idx);

% Determine Point of Alignment

o

align_Val = data(beg_Vall_idx(j,1i)) +

[7,align_idx(j,1)

% Adjust Relative Index to True Indexs

= min (abs (data(beg_Vall_idx(j, 1) :stat_Peak_idx(j, 1)

Calculate Static Peak Index of Filtered Data Relative to t

Find Filtered Data Valleys by Mirroring Data and Finding

Determine Valley Before Step Up
Identify Index of Valley within Filtered Data

% Calculate Point of Alignment as 1/8 Between Beginning Valley and Static Peak
(data (stat_Peak_idx(j, 1))

- data(beg_vall_idx(j,i)))/8;

% Determine the Closest Torque Data Point from Filtered Data to Point of Alignment

- align_val));
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align_idx(j,1) = align_idx(Jj,1i) + beg_Vall_idx(j,1)

% Determine Number of Required Samples

n = round((x_s*Fs*red)/ (rpm(i)/60xlead),0);

% Window Data

beg = align_idx(j,1i) - n;

fin = align_idx(j,1i) + round(n*2.5,0);

data = data - mean(data(beg:beg_Vall_idx(j,1)));
static_Data{j,i} = data(beg:fin);

static_Time{j,i} = t_Data(beg:fin) - t_Data(beg);
stat_Peak_idx(j,1) = stat_Peak_idx(j,1) - beg;
align_idx(j,1) = align_idx(Jj,1i) - beg;

beg_vall_idx(j,1) = beg_Vall_idx(Jj,1) - beg;

% Cleanup Workspace

clear data t_Data peak_Val peak_idx dif pdiff_idx vall_Val vall_idx vdiff_idx poi_Val n beg fin

end

end

o

s

fo

en

us,
us,
us
us

us

Calculate Coefficient of Static Friction
r i = l:speeds
for j = l:trials

data = cell2mat (static_Data(j,1i));

- 1;

% Desired Beginning Index of Filtered Data

% Desired End Index of Filtered Data

% Start Filtered Data at Zero

% Window Filtered Data

% Window Time Vector (s)

% Adjust Static Peak Index

% Adjust Alignment Index

% Adjust Beginning Valley Index

us(j,i) = (data(stat_Peak_idx(j,1i))*r_Attach)/(m_Normx9.81lxr_Mot=*1);

clear data

d

Calculate Coefficient of Static Friction Statistics

bertween each Group, Dataset, Groups STD

_STD = std(us); % Static Coefficient S.D. between Speed Groups
_STD = [us_STD, std(us,0,'all"), std(us_STD)]; % Static Coefficient S.D.

= mean (us) ; % Mean Static Coefficient for each Group

= [us, mean(us, 'all'), mean(us)]; % Mean Static Coefficient for each Group, Dataset,

Organize Coefficient of Coulomb Friction Values

= array2table([us;us_STD], 'VariableNames',{'100','150"','200"',"'250"','300"','350", '400"', 'Dataset',

RowNames', { '"Mean us', 'STD us'});

A.3 ECM Admittance Response

lo
Rd
cd

The purpose of this script is to calculate the admittance

response of the

ECM. The values of the elements within the ECM were calculated through

the Equivalent_Circuit_Parameter_Calculation.m script. The script

simulates the Equivalent_Circuit.slx model over the specified frequency

range and collects the impedance through the power_zmeter
impedance is then converted to admittance through complex

guided by the fact that Y = 1/%Z.

Load Circuit Element Parameters
ad('circ_Parameters.mat')
= circ_Parameters (6);

= circ_Parameters (3);

R = circ_Parameters(7);

L = circ_Parameters (5);

o

= circ_Parameters (4);

Obtain Equivalent Circuit Impedance

block. The

number relations,

Groups Mean

'Speed Groups'},'
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18 freq = 39000:10:50000; % Desired Frequency Range

19 power_zmeter ('Equivalent_Circuit', freq) % Simulate Circuit Model

20

21 % Format Equivalent Circuit Impedance Data

22 freq EC = abs(ZData(:,1))"'; % Equivalent Circuit Frequency Range (Hz)

23 Z_Mag_EC = abs(zZData(:,2)); % Equivalent Circuit Impedance Magnitude (ohm)
24 Z_Phase_EC = rad2deg(angle (zZData(:,2))); % Equivalent Circuit Impedance Phase (degq)

26 % Calculate Circuit Admittance

27 Res_EC = real (ZData(:,2)); % Equivalent Circuit Impedance Real Component (Resistance)

28 X_EC = imag(zZData(:,2)); % Equivalent Circuit Impedance Imaginary Component (Reactance)

29 Y Re_EC = Res_EC./(Res_EC."2 + X_EC."2); % Equivalent Circuit Admittance Real Component (Conductance)

30 Y Im_EC = -X_EC./(Res_EC."2 + X_EC."2); % Equivalent Circuit Admittance Imaginary Component (Susceptance)
31 Y_EC = Y_Re_EC + 13jxY_Im_EC; % Equivalent Circuit Admittance (S

32 Y_Mag_EC = abs(Y_EC)"'; % Equivalent Circuit Admittance Magnitude (S)

33 Y_Phase_EC = rad2deg(angle(Y_EC))"'; % Equivalent Circuit Admittance Phase (deg)

A.4 Hybrid TWUM Model Initialization

1 % The purpose of this script is to initialize the 30 mm PCBMotor TWUM
2 % parameters, which are required within the hybrid TWUM model. This script
3 % 1s designed to make the model modular such that any TWUM can be modelled

1 % provided the parameters of the motor are known.

6 % Voltage Supply

o

7 Vrms = 105; RMS of Supply Voltage (Vrms)
% Vmax = Vrms/0.7071;

O f = 45000;

e

Supply Voltage Amplitude (V)

o

Supply Voltage Frequency (Hz)

o

10 omega = 2xpixf; Supply Voltage Angular Frequency (rad/s)

o

11 Vphi = pi/2; Phase Difference (rad)
13 % Stator Parameters
14 % Motion

15 Ms = 0.624;

16 Cs = 5469.328;

17  Ks = 4.798el0;

18  eta = 0.5439;

19 Rr = 0.7;

o

Effective Modal Mass of the Stator (kg)

o

Damping Coefficient of the Stator (Ns/m)

o

Spring Coefficient of the Stator (N/m)

o

Modal Electromechanical Force Factor (N/V)

El

Shape Constant of Travelling Wave in the Radial Direction
21 % Dimensions
22 RO = 0.013675;
23 b = le-3;

o

Middle Radius of Contact Area (m)

o

Width of Rotor-Stator Contact Area in Radial Direction (m)

o

n = 6; Number of Waves/Number of Nodal Diameters
0.00025;
26 lambda = (2%pi*R0O)/n;

27 k= 2xpi/lambda;

=2
I

o0

Half Thickness of the Stator (m)

o

Wavelength (m)

o

Angular Wavenumber (rad/m)
29 % Rotor Parameters
30 Mr = 6.09e-3;

31 Jr = 765.58e-9;

32 Cz = 35;

33 Ctheta = 2e-7;

o

Mass of the Rotor (kg)

o0

Inertia of the Rotor (kgm~2)

o

Vertical Damping Coefficient of the Rotor (Ns/m)

o

Rotational Damping Coefficient of the Rotor (Nms)

35 % Contact Mechanics

36 u = 0.1057;

o

Coulomb Coefficient of Friction

37 Fext = 1; % External Force Applied to the Rotor (N)
38 x0_max = lambda/4; % Maximum Allowed Half-Contact Length (m)
39 Tload = 0; % Load Torque (Nm)
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% Model Specifications

x_Init = [0; 0; 0; 0; 0; 0; 0; 01; onditions
Dir = 1; ec 1)

D = 0; % Duty Cycle

% Determine wmin, without restriction will get error as Wmax is too small

% to calculate HCL
Cn = (20761245675/(3.33)); %Cn with Applied Correction Factor (N/m”2)

Wmin = Fext/ (2+xRr*R0*Cnx (sin (k*x0_max)-k*x0_max*cos (k*x0_max)));

A.5 Block Diagram Hybrid TWUM Model Subsystem Functions

A.5.1 Block Diagram Hybrid TWUM Model HCL and Interface Force

function [x0, Fint] = fcn(Wmax, Rr, n, k, Cn, z)

% Calculate Half-Contact Length

x0 = (1/k)~*acos((z)/ (RrxWmax));

% Calculate Normal Force

Fint = (2*Rrx (n/k)*Cn*Wmax* (sin (k*x0)-k*x0xcos (kxx0)));

A.5.2 Block Diagram Hybrid TWUM Model Stick-Points and Interface Torque

function [xs, Tint] = fcn(Wmax_T, Wmax, x0, RO, k, h, Rr, omega, n, u, Cn, theta_Dot)
% Calculate Stick-Points
xs = (1/k)*acos(((R0"2)+theta_Dot)/ (hxk+«RrxWmax+omega)) ;
% Ensure Stick-Points is less than Half-Contact Length
if (xs >= x0)
xs = x0;

end
% Calculate Indefinite Integral
phi_xs = sin(k*xs) - kxxsx*cos (k*x0);

phi_x0 = sin(k*x0) - kxx0Oxcos (k*x0);

% Calculate Driving Force

Fr = 2+xuxRrxWmax_Tx (n/k)+«Cnx (2xphi_xs - phi_x0);

% Calculate Interface Torque

Tint = FrxRO;

A.5.3 Block Diagram Hybrid TWUM Model Normal Feedback Forces

function [FN1l, FN2] = fcn(n, Rr, k, Cn, x0, w2, wl)

% Calculate Normal Feedback Forces

FN1 = —(Rr"2)*(n/k)*Cnxwlx (k*x0-0.5%sin (2xk*x0));



A.6 State-Space Hybrid TWUM Model

180

% Wave 2

FN2 = —(Rr"2)*(n/k)*Cn* w2+ (kxx0-0.5*sin (2xk*x0)) ;

A.5.4 Block Diagram Hybrid TWUM Model Tangential Feedback Forces

function [FT1, FT2] = fcn(wl, w2, x0, Cn, k, Rr, n, u, h, xs)

3 Calculate Tangential Feedback Forces
% Gl and G2
Gl = 2% (kx(xs — 0.5%x0) + 0.5+«sin(2*k#*xs) — 0.25%sin(2+xk*x0) - cos (k*x0)* (2+xsin(k*xs) - sin(kxx0)));

G2 = 2#sin(kxxs) "2 - sin(k*x0) "2 - 2%cos(k*x0) "2 + 4xcos (kxx0) +cos (kxxs) - 2;

% Wave 1

FT1 = uxh*nx (Rr"2)+Cnx (w2+Gl - wlx*G2);

% Wave 2

FT2 = —uxh*nx (Rr"2) «Cn* (wl*Gl + w2%G2);

A.6 State-Space Hybrid TWUM Model
A.6.1 State-Space Hybrid TWUM Model Inputs and Matrices

function [FN1,FT1,FN2,FT2,Fint,Tint,A,B,C,D] = fcn(wl,w2,z,theta_Dot, omega, Ms, Cs, Ks, Rr, RO, n, h, k, Mr, Jr,

Ctheta, u, Wmin, Cn)

3 Contact Region Specificat
Wmax = sqrt(wl"2 + w272);
WmaxT = Wmax;

% Travelling Wave Amplitude
% Prevent Errors
if (Wmax <= Wmin)

Wmax = Wmin;

end
if (Wmax == 0)
x0 = 0;
xs = 0;
else
x0 = (1/k)*acos((z)/ (RrxWimax)); % Half-Contact Length
xs = (1/k)*acos(((R0"2)xtheta_Dot)/ (hxk+*RrxWmax+omega)) ;% Stick-Points
end

if (xs >= x0)

xs = x0;

% Normal Feedback Force

FN1 = —(Rr"2)*(n/k) *Cnxwlx (k*x0-0.5+sin (2xk*x0)); % Standing

FN2 = —(Rr"2)*(n/k) «*Cn*w2* (k*x0-0.5+sin (2xk*x0)); % Standing Wave 2

Cz,
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% Tangential Feedback Forces

Gl = 2% (k*(xs — 0.5*x0) + 0.5%sin(2+k*xs) — 0.25xsin(2xk*x0) — cos (k*x0)* (2+sin (kxxs)
G2 = 2xsin(kxxs) "2 - sin(k*x0) "2 — 2xcos(kx*x0) "2 + 4xcos (k*x0)*cos (k*xs) - 2;

FT1 = uxh*n* (Rr"2)*Cnx* (w2xGl — wlxG2); % Standing Wave 1

FT2 = —uxh*nx (Rr"2) «Cn* (wl*Gl + w2%G2); % Standing Wave 2

(2*Rr* (n/k) *Cn*xWmax* (sin (k*x0) —k*x0xcos (kxx0))) ; % Interface Force

Tint = 2xuxRr*WmaxT* (RO"2) *Cnx (2+«beta (xs,x0) - beta(x0,x0)); % Interface Torque

% Functions
function [res] = beta(x,x0)
res = sin(kxx) - kxxxcos(kxx0);

end

% System and Control Matrices

A= [0 0 1 0 0 0 0 0;...
0 0 0 1 0 0 0 0;...
-Ks/Ms 0 -Cs/Ms 0 0 0 0 0;

0 -Ks/Ms 0 -Cs/Ms 0 0 0 0;
0 0 0 0 0 1 0 0;
0 0 0 0 0 -Cz/Mr 0 0;
0 0 0 0 0 0 0 1;
0 0 0 0 0 0 0 -Ctheta/Jr];

B = [0 0 0 0;.

0 0 0 0;.
1/Ms 0 0 0;.

0 1/Ms 0 0;

0 0 0 0;.

0 0 1/Mr 0;.

0 0 0 0;.

0 0 0 1/3r];

% Output Vector and Feedforward Matrix

C = [zeros(6,8);...
0,0,0,0,0,0,1,0;...
0,0,0,0,0,0,0,17;

D = zeros(8,4);

end

- sin(kxx0)));
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A.6.2 State-Space Hybrid TWUM Model PWM Compatible Voltage Supply

function [V

% Calcu

1,v2]= fcn (ON, t, Vmax, omega, Vphi)

late Voltage Supply Signal

V1 = Vmaxxsin(omegaxt + Vphi);

V2 = Vmaxxsin (omegax*t);

% Account for Duty Cycle

if (TON)
vVl = 0;
v2 = 0;
end

A.7 30

mm PCBMotor TWUM Data Processing

% The purpose of this script is to take the data collected from the

% PCBMotor_Speed_Data_Collection.ino file and create position and velocity

% plots.

% purpose,

% time step

% each time

duty = [0:0
dir =
for a = 1:1

for b =

% discrete position data.

Encoder events,

and their respective times are then identified.

The binary text files are used to create an array holding the

which are defined as the edges for this

These events are

% then interpolated to make a temporary continuous position array.

The

% actual continuous position array is then estimated by fitting a

% polynomial to a moving window of data points and evaluating it at each

. Its derivative is then evaluated do determine the velocity at

step, and then filtered to reduce the noise.

.1:0.9,0.931;

ength (duty)
1:5

% Import Data from Text File

'C:\Users\stracey6\OneDrive - The University of Western Ontario\MESc\Arduino\Collected_Data\June_21\"';

fileID = fopen (append(dir, 'Duty_',erase (num2str(duty(a)),'."'),'_',num2str(b-1),"'.txt"));% ID of File
temp_Data = dec2bin(cell2mat (textscan(fileID, '$bu32'))); % Char Matrix of Binary Data
raw_Data = str2num(reshape (temp_Data',1,[])"'); % Single Column vector if Binary Data
Ts = 0.001; % Sample Period (s)
t_Dis = 0:Ts: (Tsxlength(raw_Data) - Ts); % Discrete Time Vector (s)
% Convert Raw Data to Discrete Data
edge = 0; % Initialize Edge Count
pos_Dis = 0; % Initialize Discrete Position
step_Size = round(2+pi/400,5); % Encoder Step Size (rad)
for 1 = 2:(length(raw_Data))
if ((raw_Data(i-1) ~= raw_Data(i))) % Detect Edge
edge = edge + 1; % Increment Edge Count
pos_Dis (i) = pos_Dis(i-1) + step_Size; % Update Discrete Position
else
pos_Dis (i) = pos_Dis(i-1); % If Edge not Detected, Discrete Position Stays the Same
end
end
% Breakout if No Events Present

1f(

edge == 0)
mean_Vel (b,a) = 0;

break
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% Determine Encoder Events

temp_t_Ev = 0;
temp_pos_Ev = 0;
for 1 = 2:(length(pos_Dis))

if ((pos_Dis(i-1) “= pos_Dis(i)))

temp_t_Ev (end+1,1)

o

= t_Dis (i) +

temp_pos_Ev (end+1,1) =

[7,lev_idx] = max(pos_Dis);
pos_Ev =

t_Ev = t_Dis(l:lev_idx);

% window of encoder events.

% estimate.

% to estimate the velocity for the window's center.

n = 21;

m = 3;

for i = (n-1)/2+1l:length(pos_Ev)-(n-1)/2
y = pos_Ev((i-(n-1)/2):(i+(n-1)/2));
x = t_Ev((i-(n-1)/2):(i+(n-1)/2));
p = polyfit(x,y,m);
pos_Con_Ev(i,1) = polyval (p,t_Ev(i));
v = polyder(p);
vel _Con_Ev (i, 1) = polyval(v,t_Ev(i))*(30/pi);
clear y x p Vv

end

% Missing First Border

y = pos_Ev(l:(n-1)/2);

x = t_Ev(l:(n-1)/2);

p = polyfit(x,y,m);

for i = 1:(n-1)/2
pos_Con_Ev(i,1) = polyval (p,t_Ev(i));
if (pos_Con_Ev(i,1l) < 0)

pos_Con_Ev (i, 1) = 0;
end
v = polyder(p);
vel_Con_Ev (i, 1) = polyval(v,t_Ev(i))=*(30/pi);
if(vel_Con_Ev(i,1) < 0)
vel_Con_Ev(i,1) = 0;

end

end

clear y x p Vv

% Filter Continuous Velocity
% Low Pass Filter
Fs = 1/Ts;

N =

length (vel_Con_EvV);
t = 0:Ts:Tsx (N-1);

wn = 6;
nyq Freq = Fs/2;
wn_Norm = wn/nyq_Freg;

pos_Dis (i) + (pos_Dis(i-1)

interpl (temp_t_Ev, temp_pos_Ev,t_Dis(l:lev_idx), 'spline'); %

% Initialze Time of Encoder Event

(rad)

(s)

% Position of Encoder Event

% Find Change in Discrete Position

% Time of Event set as Middle of Two Discrete Position Times
(t_Dis(i-1)-t_Dis(i))/2;

% Position of Event set Middle of Two Discrete Positions

- pos_Dis(1))/2;

% Interpolate Position Events to Match Number of Discrete Position Samples

% Determine when Discrete Samples Level Off
Interpolated Position Events (rad)

% Position Event Time (s)

% Estimate continuous position data by fitting a polynomial to a moving
The polynomial is evaluated for the
% time at the center of the window to determine the continuous position

The derivative of the polynomial is determined and evaluated

Window Size

Polynomial Order

Y Window Data

X Window Data

Position Polynomial Coefficients

Continuous Position Evaluated for Center of Window (rad)
Velocity Coefficients

Velocity Evaluated for Center of Window (RPM)

Clear Temporary Variables

Fit Missing 1/2 Window at Beginning

Y Window Data

X Window Data

Position Polynomial Coefficients

Continuous Position Evaluated for Center of Window (rad)

Prevent Position from Starting Negative

Velocity Coefficients
Velocity Evaluated for Center of Window (RPM)

Prevent Velocity from Starting Negative

Clear Temporary Variables

Sample Frequency (Hz)

Number of Data Samples

Time Vector (s)
Cutoff Frequency (Hz)
Nyquist Frequency (Hz)

Normalize Cutoff Frequency wrt Nyquist
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[BW_b, BW_a] = butter(2,wn_Norm, 'low'); % Order 2 Butterworth Coefficient
vel_Con_LF = filtfilt (BW_b,BW_a,vel_Con_Ev(l:end)); % Filter Data with Filter

% Other Filters

w = 101; % Window Size
vel_Con_MA = smooth(vel_Con_Ev,w); % Moving Average Filter

vel_Con_MF = medfiltl (vel_Con_Ev,13); % Median Filter
mean_Vel (b,a) = mean(vel_Con_MA);
end

end

A.8 Neck Simulator

A.8.1 Joint Path Generation

% The purpose of this script is to generate the joint paths, angular

% velocities, and angular accelerations the neck manipulator will exhibit when
% performing the ROM exercises. The paths are generated by evaluating

$ quintic polynomials that connect each way point. The path's first and

% second derivative are then evaluated to determine the velocity and

% acceleration. The joint paths are used as the reference signals for each

5 exercise within the neck simulator.

o

Select Exercise
exercise = 3;

% Exercise Waypoints
switch (exercise)
case 1

% Flexion-Extension Exercise

Q_via = [

90 0 -90; ... % Neutral

90 60 -90; ... % Flexed

90 60 -90; ... % Hold Flexion
90 0 -90; ... % Neutral

90 =75 -90; ... % Extend

90 -75 -90; ... % Hold Extension
90 0 -9071; % Neutral

case 2

o

% Lateral Flexion Exercise

Q via = [ ..

0 0 0;... % Neutral
0 45 0; ... % Laterally Flexed
0 45 0; ... % Hold Lateral Flexion
0 0 0;... % Neutral
0 -45 0;... % Opposite Lateral Flexion
0 -45 0; ... % Hold Lateral Flexion
0 0 01; % Neutral

case 3

% Rotation Exercise

Q_ via = [
0 0 0;. % Neutral
80 0 0;. % Rotated
80 0 0; . % Hold Rotation
0 0 0; ... % Neutral
-80 0 0; ... % Opposite Rotation
-80 0 0;. % Hold Rotation
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01; %

end

o

% Exercise Timing

Move = 3;
Hold = 5;
Pace = [0,Move,Hold,Move,Move, Hold, Move];
Q_T(1) = 0;
for i=2:(length (Pace))
Q_T(i) = Q_T(i-1) + Pace(i);
end

% Obtain Info on Via Points

[points, Jjoints] = size(Q_via);

seg = points - 1;

o

% Create Time Segments

t = [1;

time = [];

for s = l:seg
t = [t;linspace(Q_T(s),Q_T(s+1))];
time = [time;t(s,:)"'];

end

% Ensure

o

o

o

5

q

Neutral

Move Time (s)
(s)

Order of Exercise

Hold Time

Create Via Point Times

Create Time Array between Via Points

Total Exercise Time Array

Initial and final Velocity/Acceleration is 0 when Arriving/Leaving Via Point

V0o = 0; % Velocity Leaving Via Point (deg/s)

VE = 0; % Velocity Arriving at Via Point (deg/s)

A0 = 0; % Acceleration Leaving Via Point (deg/s"2)

Af = 0; % Acceleration Arriving at Via Point (deg/s”2)

% Populate Joint Paths

[tempQ, tempQD, tempQDD] = deal ([1,[]1,[]);

for j = l:joints
for s = l:seg
% Determine Quintic Polynomial Coefficients
[a0, al, a2, a3, a4, a5] = QPS_Coefficients(Q_via(s,j), Q_via(s+1,3j), vO0, Vf, A0, Af,
T = t(s,:)-Q_T(s);
tempQ = [tempQ; (a0 + alxT + a2+T." 2 + a3+T."3 + ad4xT. 4 + abxT."5)'];
tempQD = [tempQD; (al + a2#2xT + a3x3%T."2 + ad*4xT."3 + a5«5xT."4)'];
tempQDD = [tempQDD; (a2x2 + a3x6%T + ad*x12xT." 2 + a5#20+T."3)'];
end
Q(:,3J) = tempQ; % Joint Path (deg)
QD (:,J) = tempQD; $ Joint Velocity (deg/s)
QDD (:, j) = tempQDD; % Joint Acceleration (deg/s”2)
[tempQ, tempQD, tempQDD] = deal ([], [1,[]);
end
% Calculate Coefficients of Quintic Polynomial
function [a0, al, a2, a3, a4, a5] = QPS_Coefficients (PO, Pf, V0, Vf, AO, Af, t0, tf)
tf = tf - t0;
a0 = PO;
al = v0;
a2 = A0/2;
a3 = (20«Pf - 20%P0 - (8+VE + 12xV0)*tf — (3*A0 — Af)*(tf"2))/(2%x(Lt£°3));
ad = (30%P0 - 30xPf + (14xVE + 16xV0)*tf + (3xA0 — 2xAf)* (t£72)) /(2% (t£74));
a5 = (12«Pf — 12%P0 - (6#VE + 6xV0)*tf — (A0 - Af)*(tf"2))/ (2% (t£"°5));

end

Q_T(s),

Q_T(s+1l));
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A.8.2 Neck Manipulator Visualization

% Define DH Parameters

dhparams = [0 -pi/2 0 0;...
0 pi/2 0 0;...
0 0 0.239 01;

% Define Rigid Body Tree Parameters

neck = rigidBodyTree; % Create Rigid Body Tree Object
num = length (dhparams(:,1)); % Determine Number of Links
bodies = cell (num,1); % Define Number of Bodies in Tree
joints = cell (num,1); % Define Number of Joints in Tree

% Create Rigid Body Tree
for 1 = l:num

bodies{i} = rigidBody (['body' num2str(i)]);

o0

joints{i} = rigidBodyJoint (['jnt' num2str(i)],"revolute"); %

setFixedTransform(joints{i}, dhparams (i, :),"dh");

o

bodies{i}.Joint = joints{i};

o

if 1 == %
addBody (neck,bodies{i}, "base")

else %
addBody (neck,bodies{i},bodies{i-1}.Name)

end

end

% Add Visuals to Rigid Body Tree

addpath (genpath ('Visuals'));

visual = ["Darth_Helmet"; "Darth_Shoulders"];

addVisual (neck.Bodies{3}, "Mesh", append (visual (1), "'.STL"))
addvVisual (neck.Bodies{1l,1}.Parent, "Mesh", append (visual(2),"'.STL"))

% The purpose of this script is to turn the spherical wrist neck manipualtor
% into a Rigid Body Tree object. This allows for the manipulator to be

% visualized at various joint angles and neck position during the ROM exercises.

Create Body Object

Create Joint Object

Define Joint based of DH

Relate Boides and Joints

Add

Add

First Body to Base

Current Body to Previous Body

Path to STL Files
Selected Visuals
Add Head

Add Chest
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Schematics

B.1 Admittance Data Acquisition Circuit

B.1.1 Stator Admittance Data Acquisition Circuit Schematic
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B.1.2 Stator Admittance Data Acquisition Circuit PCB Layout
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B.2 Torque Data Collection LabVIEW Program Schematic

B.2 Torque Data Collection LabVIEW Program Schematic

The data acquisition unit used with this program was the National Instrument USB-6002. In order
to ensure proper communication between the a Futek TRS605 torque sensor and the USB-6002,
the signal input range was set to [-5,5], the sampling rate was set to 1 kHz, and the data were

linearly scaled to have a slope of 4 V with the y-intercept being selected every test day to account

for any zero offset.
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Appendix C

C++ Code

C.1 30 mm PCBMotor TWUM Serial/ PWM

Collection

/* The purpose of this program is to collect positional data from the PCBMotor TWUM

ial communication

Driver. The program can either control the motor through

or by PWM. The tional data are sampled at a set interval, stored in a

posi

queue, and sent t 1gh the serial monitor. One core is responsible for

controlling the motor and data collection while the other is responsible for

transmitting the positional data. If serial communication is chosen, the driver

is communicated with via the serial port in the Arduino IDE. PWM is

chosen,

the motor will operate for a set period of time at the uploaded duty cycle but will
require a reboot in order to operate again as it is in hardware mode.
/
*

/17177777777 /7/7/7//// Initializations and Global Variables //////////////////
// Define Debugging

#define DEBUGLEVEL_ERRORS 1

#define DEBUGLEVEL_SAMPLE_TIME 0

#define DEBUGLEVEL_QUEUE_MESSAGES 0

#define SERIAL_DATA 1

#include "debug.h"

// Define Pin Constants

#define RXD2 16 // Serial2 RX Pin
#define TXD2 17 // Serial2 TX Pin
#define sensor 4 // Sensor Input Pin
// Declare/Initialize Variables

// PWM

freq = 50; // PWM Freque
pwmChannel = 0; // PWM Channel on E
int resolution = 5; // PWM Bit Resolution
duty = 0; // Duty Cycle
float pwmVal = round(duty * 32); // PWM Value
bool serialCom = false; // Serial Command or PWM

190

Control and Data
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// Timer

hw_timer_t * timer = NULL;
int preScale = 1000000;
int onTime = 5;

int ticks = preScale * onTime;

// Motor Alignment

bool align = false; // Motor Align

int 1i; // Sensor reading

String initial; // Motor Response to ’‘ap’ Command

String initial Pulse; // Sensor value from ’"ap’ Command

String init_Sens; // Equality for ’'ADC’ Command based off initial_ Pulse

// Data Collection

int Ts = 1000; // Sample Period (us)
unsigned long temp = 0; // Collected Data Buffer

int j = 0; // Buffer Shift Bit

uint64_t prevTime = 0; // Sample Time Timer Variable
volatile byte collect = 0; // Data Collection Flag

// Initialize Handles

TaskHandle_t CommandTask; // Send Command to Motor
TaskHandle_t PWMTask; // Send PWM Signal to Motor
TaskHandle_t SerialTask; // Print Collected Data
QueueHandle_t queue; // Queue where Data are Stored

/1111777 771///7//// Interrupts //////////////////
void IRAM_ATTR turnOff () {
ledcWrite (pwmChannel, 32); // Turn PWM Off

/1111777 77777777777 Setap [////11777777/1717777
void setup() {
// Establish Serial Communication
Serial2.begin (19200, SERIAL_8N1, RXD2, TXD2); // Communication with Motor

Serial.begin(19200); // Communication with Serial Port

// Declare Pins

pinMode (sensor, INPUT); // Sensor Pin

// Align Motor to Beginning of Pulse
while ('align) {

align_Motor(); // Call Align Function
clear_RXBuffer () ; // Clear Buffer
i = digitalRead(sensor); // Read Current Sensor Output
Serial2.println("ul-"); // Step Back one uStep
delay (100); // Wait for Command to Complete
if (1 != digitalRead(sensor)) { // Edge Detected if Sensor Reading is Different
align = true; // This is a confirmation for the ADC command in align_Motor (
}
Serial2.println("ul"); // Replace uStep

// Create Queue
queue = xQueueCreate( 20, sizeof (unsigned long) );
if (queue == NULL) {

debugE ("ERROR:, Queue_was, not, created."); // Error Message
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// Create Task
if (serialCom) {
xTaskCreatePinnedToCore (command, "CommandTask",
}
else {
Serial2.println("t");
delay (100);
Serial2.end();
pinMode (RXD2, OUTPUT) ;
pinMode (TXD2, OUTPUT);
ledcSetup (pwmChannel, freq, resolution);
ledcAttachPin (RXD2, pwmChannel);
timer = timerBegin (0, 80, true);
timerAttachInterrupt (timer, &turnOff, true);

timerAlarmWrite (timer, ticks, false);

1000, NULL, 3, &CommandTask, 1);

// Put Motor into Hardware Mode

// End Serial Communication with Motor

// Configure PWM
// Attach PWM channel to Output GPIO

xTaskCreatePinnedToCore (pwm, "PWMTask", 1000, NULL, 3, &PWMTask, 1);

///111/7177//////// Custom Functions //////////////////

// Function Aligns Motor to Beginning of Pulse by Comparing Sensor Voltage Readings every uStep

void align_Motor () {
clear_RXBuffer();
Serial2.println("ap");
delay (2000);
if (Serial2.available() > 0) {
initial = Serial2.readString();
}

initial_ Pulse = initial[initial.length() - 4];
if (initial_Pulse.toInt () == 0) {
init_Sens = ">";
}
else {
init_Sens = "<";

}
//uStep, Read Sensor Output, Compare ADC to 2100,

// Clear Buffer
// Request Position Sensor Output
// Wait for Command to be Processed

// Read Reply

// Get Current Sensor Logic Level

// If 0, want to uStep until ADC greater than 2100 mV, a logic 1

// If 1, want to uStep until ADC less than 2100 mV, a logic O

if Condition Met Stop, Repeat 100 Times

Serial2.println("ul,ap,ADC" + init_Sens + "2100?S,x100");

// Function Clears Input Buffer from Motor
void clear_RXBuffer () {

Serial2.readString();

/117 07777777777777 7 Main Loop ///////1117111111/
// Collects Data into Buffer and Adds to Queue

void loop () {

if (((esp_timer_get_time() - prevTime) >= Ts) && collect) { // Check for Sample Period and Collection Flag

// Read Register to get Sensor Value, Add it to the buffer MSB -> LSB
temp |= (((REG_READ (GPIO_IN_REG) & 0b10000) >> 4) << (31 - 3));

Jtti
if (3 == 32) |
if (xQueueSend(queue, &temp, 0) != pdTRUE) {

// Increment Counter

// Send Buffer to Queue Once it has 32 Bits of Information

// Error Message if Queue is Full and Buffer can’t be Added

Serial.println ("ERROR:_Reading_not_placed _in_queue.");

}
temp = 0;
j=0;
}
debugS (esp_timer_get_time () - prevTime);

// Reset Buffer
// Reset Counter

// Print Sample Time
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pr

117177

evTime = esp_timer_get_time();

/111071777771 Tasks /111111 7011777777

//

Reset Sample Timer

// Task Sends Command to Motor that was Received in Serial Monitor

void ¢
for

if

}
//
vT

ommand (void % parameter) {

(i) o

((Serial.available() > 0)) {
// Create Data Sending Task
xTaskCreatePinnedToCore (sendData,
Serial2.println(Serial.readString());
collect = 1;

vTaskSuspend (CommandTask) ;

Prevent Error from being Thrown

askDelay (5 / portTICK_PERIOD_MS);

/

/
/
/

// Task Sends PWM Signal to Motor that was Received

void p
for
//
xT
co
le
RE
ti
vT
//
vT

// Tas
void s
unsi
unsi
int
for

de

//

if

}
if

wm (void * parameter) {
Gi) A
Create Data Sending Task

askCreatePinnedToCore (sendData, "SerialTask",

llect = 1;

dcWrite (pwmChannel, pwmVal);
G_WRITE (GPIO_OUT_WITS_REG, BIT17);
merAlarmEnable (timer) ;

askSuspend (CommandTask) ;

Prevent Error from being Thrown

askDelay (5 / portTICK_PERIOD_MS) ;

ks Sends Collected Data to Serial Port
endData (void % parameter) {

gned long templ;

gned long tempPrev = esp_random();
i=0;

Gi) Ao

bugQ (uxQueueMessagesWaiting (queue)) ;

If Message was Received in the Queue,

Send it

( (xQueueReceive (queue, &templ, 0) == pdTRUE))

serial (templ) ;

if (templ == tempPrev) {
i++;

}

else {
tempPrev = templ;

i=0;

(i >3) {
collect = 0;
Serial.println();
if (serialCom) {

vTaskResume (CommandTask) ;

/ C

"SerialTask", 1

/s
/ s
/ s

in

100
//
//
//

//

//
//
//

//
to
{

//
//

//

//

//

//

heck if Command was Received

000, NULL, 3, &SerialTask, 0);
end Command to Motor

et Collection Flag

uspend this Task to free up CPU

Serial Monitor

0, NULL, 3, &SerialTask, 0);
Set Collection Flag

Write PWM Signal

CW Rotation

Suspend this Task to free up CPU

Data Buffer
Initialize Previous Reading

Counter Variable

Print Number of Messages in the Queue

the Serial Port

Print Data

If Message 1s Repeated, Increment Counter

Assign Previous Message, Reset Counter if Different

If Message hasn’t Changed for a while:

Resets Data Collection Flag

Resume Command task and Wait for Command
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vTaskDelete (SerialTask); // Delete this Task
clear_RXBuffer(); // Clear Serial Buffer
}
// Prevent Error from being Thrown
vTaskDelay (1 / portTICK_PERIOD_MS);
}
}

C.1.1 30 mm PCBMotor TWUM Serial/ PWM Control and Data Collection

Header File

0]

/* This header file allows one to turn specific serial communications ON/OFF to mak

debugging easier. Below are the relvant serial messages:

DEBUGLEVEL_ERRORS - Errors associated with FreeRTOS
DEBUGLEVEL_SAMPLE_TIME - Debugging the Sensor Sample Time
DEBUGLEVEL_QUEUE_MESSAGES - Debugging Message Waiting in the Queue
SERIAL_DATA — Prining Collected Data

x/

void debugNothing(...) {

// Do Nothing

// Turn Serial Prints ON or OFF
#1if DEBUGLEVEL_ERRORS ==

#define debugE (x) Serial.println(x)
#else

#define debugE (x)

#endif

#1if DEBUGLEVEL_SAMPLE_TIME ==
#define debugS(x) Serial.println(x)
#else

#define debugs (x)

#endif

#if DEBUGLEVEL_QUEUE_MESSAGES ==

#define debugQ(x) Serial intln(x)

felse
#define debugQ (x)
#endif

#if SERIAL_DATA ==

#define serial (x) Serial.println(x,BIN)

felse
#define serial (x)

#endif
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C.2 30 mm PCBMotor TWUM Position Control

1 /x The purpose of this program is to employ the 30 mm PCBMotor TWUM within a
2 position control system. The control system is employed through the finite
3 difference approximation method. A new control signal is calculated at a

4 fixed time interval and the true angular position of the motor is

5 collected through the use of an external interrupt. One core is used to

6 employ the position control system while the interrupt is attached to the
7 other. The true position and target position are printed to the serial

8 monitor for the duration of the program.

9 x/

10

i /////////////7///// Initializations and Global Variables //////////////////
12 // Define Debugging

13 #define DEBUGLEVEL_SAMPLE_TIME 0

14 #define SERIAL_DATA 1

15 #include "debug.h"

16

17 // Define Constants

18 #define Sensor 4 // Sensor Pin

19 #define PWM 16 // PWM Output Pin

20 #define Dir 17 // Direction Output Pin

21 #define StartPC 19 // Starting Position Control Pin
22 fidefine CW 1 // Clockwise Logic Value

23 #define CCW 0O // Counterclockwise Logic Value
24

25 // Declare/Initialize Variables

26 // Timer Variables

27 uint64_t prevTime; // Store Time
28

29 // Motor Alignment

30 bool align = false; // Motor Align

31 int sens_Val; // Sensor reading

32 String initial; // Motor Response to ’ap’ Command

33 String initial_Pulse; // Sensor value from ’ap’ Command

34 String init_Sens; // Equality for ’ADC’ Command based off initial_ Pulse

35

36 // PWM Configuration

37 const int freq = 50; // PWM Frequency

38 const int pwmChannel = 0; // PWM Channel on ESP32
39 const int resolution = 5; // PWM Bit Resolution
40

41 // PID Tuning Parameters

42 double kp = 1.3;

43 double ki = 0.0015;

44 double kd = 0.00004;

45

46 // PID Calculation Variables
47 int start = 1;

48 uint64_t startTime = 0;

49 double prevError = 0; // Previous Error Value

50 double Iterm = 0; // Integral Error Term

51 double e; // Error Between Target and True

52 int pos = 0; // Position of Motor

53 double Ts = 500; // PID Calculation Period (us)

54 double deltaT = Ts / 1000000; // Change in Time between PID Calculations
55 int target; // Target

56 int dir; // Direction of Motor
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// Initialize Handles

TaskHandle_t interruptCreate; // Create Sensor Interrupt
////777777777777/// Interrupts ///////////111/////
// Interrupt Updates Position of Motor when Change Occurs

void IRAM_ATTR readSensor () {

if ((REG_READ(GPIO_IN_REG) & 131072) >> 17) { // Read Direction Pin

pos++; // If CW, Increment Position
}
else {

pos——; // If CCW, Decrement Position

/1100777777777 7777 Setap ////11777777/177777
void setup() {
// Establish Serial Communication
Serial2.begin (19200, SERIAL_S8NI,
Serial.begin(19200);

PWM, Dir); // Communication with Motor

// Communication with Serial Port

// Declare Pins
pinMode (Sensor, INPUT);
pinMode (StartPC, OUTPUT);

// Sensor Input pin

// Begin Position Control Pin

// Align Motor to Beginning of Pulse
while (lalign) {
//

//

align_Motor ();
clear_RXBuffer () ;

Call Align Function
Clear Buffer

sens_Val = digitalRead(Sensor); // Read Current Sensor Output
Serial2.println("ul-"); // Step Back one uStep
delay (100); // Wait for Command to Complete
if (sens_Val != digitalRead(Sensor)) { // Edge Detected if Sensor Reading is Different
align = true; // This is a confirmation for the ADC command in align_Motor (
}
Serial2.println("ul"); // Replace uStep

// Set Motor to Hardware Mode
Serial2.println("t");
delay(100);

// End Serial Communication with Motor
pinMode (PWM, OUTPUT) ;
pinMode (Dir, OUTPUT);
Serial2.end();

// PWM Output Pin
// Direction Output Pin

// Establish PWM
ledcSetup (pwmChannel,
ledcAttachPin (PWM,

freqg, resolution); // Configure PWM

pwmChannel) ; // Attach PWM channel to Output GPIO

// Create Task

xTaskCreatePinnedToCore (interruptTask, "interruptCreate", 1000, NULL, 3, &interruptCreate, 0);

/////1////////////// Custom Functions //////////////////
// Function Aligns Motor to Beginning of Pulse by Comparing Sensor Voltage Readings every uStep

void align_Motor () {

clear_RXBuffer();
Serial2.println("ap");
delay (2000);

// Clear Buffer
// Request Position Sensor Output

// Wait for Command to be Processed
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if (Serial2.available() > 0) {
initial = Serial2.readString();
}

initial_Pulse = initial[initial.length() - 4];
if (initial_Pulse.tolnt () == 0) {
init_Sens = ">";
}
else {
init_Sens = "<";

}
//uStep, Read Sensor Output, Compare ADC to 2100,

// Read Reply

// Get Current Sensor Logic Level

// If 0, want to uStep until ADC greater than 2100 mV, a logic 1

// If 1, want to uStep until ADC less than 2100 mv,

if Condition Met Stop,

Serial2.println("ul,ap,ADC" + init_Sens + "2100?S,x100");

// Function Clears Input Buffer from Motor
void clear_RXBuffer () ({
Serial2.readString();

Repeat 100 Times

a logic O

// Function Utilizes a Finite Different Approximation to Calculate Control Signal and Sends Appropriate PWM

// Values to setMotor ()
void compute () {
// Calculate Error

e = target - pos;

// Calculate Integral and Derivative Error Terms
double dtardt = (e - prevError) / deltaT;

Iterm = Iterm + e x deltaT;

//Correct Iterm

if (Iterm > 31) { // Prevent Integrator Wi
Iterm = 31;

}

else if (Iterm < 0) {

Iterm = 0;

// Calculate Control Signal
double u = kp » e + ki x Iterm + kd % dtardt;

// Convert Control Signal to PWM Value

double pwr = fabs(u);

pwr = 31 - pwr; // Motor is Active LOW

if (pwr < 0) { // Prevent PWM Signal from

pwr = 0;

// Determine Direction

if (u > 0) {

dir = CW;
}
else {

dir = CCW;

// Send PWM Command to setMotor ()

setMotor (dir, pwr, pwmChannel);

// Remember Previous Target Term

ndup by Setting Limits

Going Less than 0
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prevError = e;

// Fucntion Sets PWM Signal and Direction

void setMotor (int dir, int pwmVal, int pwmChannel) {

ledcWrite (pwmChannel, pwmVal); // PWM Signal

if (dir) | // Direction through Bit Register Manipulation
REG_WRITE (GPIO_OUT_W1TS_REG, BIT17); // Set Bit HIGH for CW

}

else {
REG_WRITE (GPIO_OUT_W1TC_REG, BIT17); // Set Bit LOW for CCW

}

/170 7777777777777 7 Main Loop ///////11111111117
void loop () {

if (start) {
prevTime = esp_timer_get_time(); // Initialize Timing
REG_WRITE (GPIO_OUT_W1TS_REG, BIT19); // Set Starting Bit
start = 0; // Prevent from Entering Statement Again
startTime = micros(); // Start Target at 0
}
target = 89 x sin(1.257 % (micros() - startTime) / le6); // Temporary Test Target
if ((esp_timer_get_time() - prevTime) >= Ts) { // Check for Sample Period
debug$S (esp_timer_get_time() - prevTime); // Print Sample Time
compute () ; // Call for PID Calculation
prevTime = esp_timer_get_time(); // Reset Timer

// Print Position

serial (target); // Target
serial("_");
serial (pos); // True

serial ("\n");
}
///11777/77/1//777/// Tasks ///////////1///////
// Task Attaches External Sensor Interrupt to Core0O to allow PID Functions to Run on Corel
void interruptTask(void * parameter) {

attachInterrupt (Sensor, readSensor, CHANGE); // Attach Sensor Interrupt, Triggers on State Change

vTaskSuspend (interruptCreate) ; // Suspend this Task to free up CPU

C.2.1 30 mm PCBMotor TWUM Position Control Header File

/+ This header file allows one to turn specific serial communications ON/OFF to make

debugging easier. Below are
DEBUGLEVEL_SAMPLE_TIME
SERIAL_DATA

*x/

void debugNothing(...) {
// Do Nothing

// Turn Serial Prints ON or OFF
#1f DEBUGLEVEL_SAMPLE_TIME == 1
#define debugS(x) Serial.printl

#else

the relvant serial messages:
- Debugging the Sensor Sample Time

- Prining Collected Data

n(x)
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#define debugs (x)
#endif

#1if SERIAL_DATA == 1

#define serial (x) Serial.print (x)
#else

#define serial (x)

#endif
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