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ABSTRACT

The Robotic Parallel Bars (RPB) device is a low-cost, high data acquisition platform that
therapists can use to assist ambulatory rehabilitation and perform gait studies. The RPB’s support
bars track the amount of force the patient places on the device. The RPB is also self-propelled,
meaning that the patient does not have to physically move the support device as they would with
a traditional walker or rollator. The RPB offers more flexibility than stationary parallel
rehabilitation bars because the device follows the movement of the patient wherever they may
walk and turn. In this study, improvements were made to the RPB’s controller program to reduce
potentially hazardous and erroneous behavior of the device. A Proportional and Derivative (PD)
controller replaced the previous state space controller. The PD controller was implemented and
tested by using a webcam to track the patient and the RPB at three different patient walking
speeds. Experimental results showed that the PD controller decreases the linear error between the
RPB and the patient by an average of 4.2 cm as the patient walks forward. Improving the control
response of the device allows it to be more effective in tracking the human user’s movements,
which improves its ability to record data, and act as a functional support for the human user.
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Chapter 1
Introduction
Advancements in medicine have revolutionized the world and have allowed many lives to
be saved from injuries and diseases that were at one point considered malignant. As a result of
these great leaps forward, more injuries and diseases are fortunately survivable, but are now
increasing the number of people living with disabilities [1]. Combining this with an overall aging
society [2], the demand for rehabilitation and therapy has dramatically increased. Physical
therapy is a common treatment to improve physical motion for patients with numerous medical
ailments. This includes patients recovering from stroke, geriatric patients, and patients
recovering from muscle or skeletal injuries. These physical therapy patients can require laborintensive therapies such as body-weight supported treadmill training. A therapy such as this,
typically involves more than a single physical therapist for long durations of time and proves to
be very costly and challenging [1].
The majority of tools currently utilized in physical therapy are simple devices such as the
weight bar, stationary parallel bars, and peg boards. The repetitive and arduous nature of some
forms of therapy makes them ideal for the implementation of robotic assistance [1, 3]. More
advanced physical therapy equipment is beginning to take advantage of robotics to allow for
more controlled and well-monitored patient care. The use of robotics in therapy also helps
relieve some of the manual duties from therapists. This can allow for longer training times and
therefore increase their effectiveness [1, 4]. Unfortunately, most of these devices can become
rather expensive and because of that, are not commonplace in therapy clinics [1].
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Background of Robotic Rehabilitation Devices
Even with this potential drawback, innovative applications of robotics have led to them
becoming more common and affordable in rehabilitation. A device such as the Smart Walker
seen in figure 1 takes aim at developing an “intelligent rule-based controller” that would serve as
a replacement for the traditional four-legged walker and the more modern rollator walkers [5].
This device was built using a modified Segway Robotic Mobility Platform (RMP), and is driven
based on a force sensor located in the left handle of the device and is steered in the direction in
which the force is applied to the same handle [5]. One of the major advantages of this device is
that the patient no longer has to propel the device that they are using for support. However, this
device still requires the patient to have enough finesse to be able to steer the device through a
handle that they are trying to use for support.

Figure 1. Smart Walker Rehabilitation Device [5]
Robotic devices such as the Lower Extremity Powered Exoskeleton (LOPES) or the
Lokomat function as robotic-assisted exoskeletons that assist in treadmill gait training. This
robotic device succeeds in its ability to precisely control the positioning of a patient’s legs while
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reducing the number of physical therapists required. Even with devices such as these, there are
shortcomings in their ability to address all forms of motion. The LOPES device specifically
indicates that it “blocks the possibly important motion of pelvis rotation” [6]. It is also worth
noting that studies have found that overground training would improve walking distance to a
greater extent than treadmill-based rehabilitation for patients recovering from spinal cord injuries
[7]. Finally, the robotic-assisted exoskeletons’ kinetics can sometimes “not perfectly match the
physiological movements,” and this can critically compromise the efficacy of the therapy [8, 9].

Overview of the Robotic Parallel Bars Device
The Robotic Parallel Bars (RPB) is an ambulatory rehabilitation method that offers
additional functionality and data collection for monitoring a patient’s progress. The device’s
main application is for geriatric patients who are at a high risk of falling and sustaining injuries
because of these falls, but could also be used for many other patients in need of walking
rehabilitation. The common tool used by physical therapists for ambulatory rehabilitation is a
stationary set of parallel bars as seen in figure 2. Equipment such as this is typically very limiting
to the patient as they can only walk a limited distance before they reach the end of the bars, and
the patients are expected to walk the same stretch of distance repeatedly over the course of their
rehabilitation. The RPB would not only allow for the patient to complete their therapy and walk
in different places over the course of their rehabilitation, but it also would allow for them to
control their own path and allow for custom turns all while remaining supported by the RPB.
Additionally, the RPB’s electronics offer an easy data acquisition platform for sensor inputs such
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as the already-implemented force sensors on the parallel bars that collect and analyze data on
how much weight is supported by the RPB. This measurement of the patient’s reliance on the
device could be very valuable in determining the progress a patient has made over the course of
therapy. Examples of some other rehabilitation metrics that are easily tracked by the RPB
include, but are not limited to, duration of session, distance walked, average speed, and amount
of turns.

Figure 2. Parallel Bars used in Therapy [10]
The RPB is a novel device that recreates a set of parallel bars on a movable platform and
can be seen in figure 3. The RPB solves the shortcomings of the Smart Walker by simply
tracking the patient and moving along with them instead of requiring the patient to physically
drive the device that they are using for support. Additionally, the RPB’s ability to have patients
make turns as they traverse an environment not only solves the inadequacy of robotic-assisted
gait trainers such as the LOPES, but also the inadequacies of the simple, stationary parallel bars.
One of the other advantages that the RPB has over robotic-assisted gait trainers is that the RPB
has the patient performing solely under his or her own leg movements. It has been shown that
optimal results are achieved when “leg movements are only assisted insofar as it is required by
the severity of paresis of an individual subject” [1]. While exoskeleton-style gait training is
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sometimes needed, the RPB removes the potential for excessive robot-assistance and reduced
results by having a patient walk under their own power.

Figure 3. Robotic Parallel Bars
The RPB is constructed out of bent steel tubing that was formed into a U-shape to create
a frame that would surround the front and sides of the patient. The device features two inertial
measurement units (IMUs) made using an Arduino UNO, a magnetometer, and a gyroscope.
Both of these IMUs are used to determine a relative orientation angle between the robotic device
and the patient to determine the degree of turning the patient has made relative to the RPB. The
first IMU is fixed to the front of the RPB’s frame, and the second IMU is attached to a belt that
the patient wears during operation of the device. An infrared distance sensor is also attached to
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the front of the device to locate the forward position of the patient within the RPB’s perimeter.
The device is powered by two 12V batteries connected to hub motor wheels on both the left and
right side of the RPB. Both of these wheels have external encoders attached to their shafts. The
front of the device has two caster wheels to allow for an instantaneous center of rotation along
the axes of the driven wheels. The RPB has multiple adjustable components to allow it to
accommodate a wide variety of patient heights. For example, the infrared sensor can be raised or
lowered via a quick turn handle to ensure that the sensor is reflecting off the torso of the patient,
and the parallel bars themselves can also be adjusted for the patient’s height and comfortability.
The RPB also features a National Instruments CompactRio (cRIO) as an on-board
processor and controller. This device is used to interpret the sensor signals from all of the input
devices and generate driving commands for the device based on the National Instruments
LabVIEW FPGA code. The cRio offers the RPB an easy, on-board data acquisition system to
collect and analyze data collected about the patient and their rehabilitation session. One such
source of data is the Stellar Technology Force Sensors located underneath the parallel bars as
seen in Figure 4.
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Force Sensor

Figure 4. Stellar Technology Force Sensors
Four of these sensors are on the RPB, allowing therapists to track the amount of the patient’s
weight that they are using the RPB to support. This can then be used as a helpful metric for
therapists to quantitatively describe the improvement a patient makes from session to session.
Additionally, these force sensors allow the therapist to detect any asymmetric amounts of force
that the patient is applying with respect to the left or right bar.

Previous Tracking System
The RPB was initially programmed using a state space controller and a custom
complementary filter that combined the magnetometer and gyroscope readings to get a single
heading for the patient and the RPB [11]. After extensive testing of the device, it was determined
that this controller was not robust enough to be used in human trials. One of the first areas of
exploration after the RPB was completed was whether the magnetometer and gyroscope setup
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gave us the resolution necessary to accurately and safely control the RPB’s angular orientation.
For the experimental setup, the patient belt was attached to the RPB, and then the encoder
angular reading, the patient heading, and the RPB heading were compared as the RPB was
manually moved through various angles. From conducting these tests, such as the one shown in
figure 5, it was determined that the sensors did maintain an appropriate level of accuracy. The
test in figure 5 started out by fixing the patient belt to the RPB, so that both sensors moved
together. The RPB with the belt attached to it was then moved in increments of 90 degrees. As
seen by the staircase pattern, both the patient belt IMU, the RPB IMU, and the encoders on the
wheels agreed rather well about the angle of orientation. Because of the success observed, a
subject then put on the patient belt, the RPB’s drive system was initiated, and the remainder of
the data was taken as the patient turned back and forth and the RPB followed.
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Figure 5. Comparison of the RPB and Patient Heading
Although the sensors were shown to offer a level of fidelity that would suffice for this
application, there were still some anomalies in the RPB’s behavior. The RPB would rapidly start
turning well beyond the input that the patient’s belt provided. By monitoring the patient and RPB
heading during one of these anomalous behaviors, it was clear that inaccurate sensor readings
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were not always the cause of this behavior. Figure 6 shows the RPB heading and Patient heading
leading up to and during one of these sporadic behaviors.
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Figure 6. Patient and RPB Heading during Erroneous RPB Motion
The data shows that both of the headings were diverging from each other, which is actually what
was physically happening as the RPB started turning without regard to the patient belt’s
orientation. This indicated that the controller caused the RPB’s erroneous motion in this case,
and the IMU’s headings could actually detect the growing error between the patient and RPB
headings. Based on these observations, it was determined that the best course of action would be
to examine the controller and consider possible redesigns of the space state controller.
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Chapter 2
Modifications of the RPB
There were three areas for improvement addressed while working on the RPB. These
include adding wireless capabilities, installation of the force sensors, and implementing a new
tracking system. All of these changes expanded the functionality of the device. This chapter
describes the hardware and programming work performed to implement these three features.

Wireless Communication
Wireless capability was added to the RPB. A Netgear wireless router was selected and
installed on the RPB by connecting it to the cRIO via an ethernet cord. The power connection for
this device was simple as it directly attached to the 12V sensor battery. The computer was able to
connect to the RPB’s wireless network to detect the cRIO in NI Max, view its properties, and
wirelessly restart the device, but it was not able to communicate through LabVIEW to run the
full code or to pull live data from the device. The end goal of this was to allow the RPB to
wirelessly communicate to a computer or even a tablet that the therapist could then use to track
the patient’s progress and view data. However, allowing LabVIEW to wirelessly communicate
from a computer or tablet to the RPB’s cRIO was not trivial, and this portion of the project has
not yet been completed. Basic communication such as being able to restart the cRIO wirelessly
was attained, but wireless data transfer was not yet built into the program.
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Force Sensors
One of the other areas selected for improvement was the integration of the force sensors
into the cRIO and reading their inputs in LabVIEW. The previous project contributors had
finished the installation of the force sensors, but had connected the wiring or programed the
software to record the force data. The first step in this process was to determine the necessary
voltage source, and what would be required to read the signals coming out of the force sensors.
After these were identified, a basic wiring schematic was developed as seen in figure 7. This
design was then constructed on a protoboard that would mount above an already existing
protoboard on the RPB as seen in figure 8. The 12V necessary to operate the force sensors was
drawn from the sensor battery already on the RPB and the force sensor signals were simply
connected to analog channels on the cRIO’s NI 9205 analog input module.

Figure 7. Force Sensor Protoboard Layout
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Figure 8. Force Sensor Protoboard Implemented on RPB
In the LabVIEW code, these two analog channels for each force sensor were simply
subtracted from one another, giving a signal that would change based on how much force is
applied to the sensor and whether it is in tension or compression. Figure 9 shows how the analog
signal in LabVIEW responds to changes in force. This was simply done as a preliminary
functioning test by having a patient push down on the bars and vary the amount of pressure they
were applying. With no weight applied, the sensor reading is 3.7 Volts, and increases 0.067 Volts
per pound of compression. If the force is in tension, the signal would decrease below 3.7V.
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Figure 9. Analog Input of the Force Sensor
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Investigation of Tracking Sensor Options
During the process of investigating the IMU’s capabilities, other sensors were examined
to determine if there would be a better choice for detecting relative orientation of the patient
versus the RPB. One of the most promising sensors investigated for viability on the RPB was a 6
degree of freedom magnetic position and orientation tracker. The NDI Ascension trakSTAR was
the original product examined due to its accessibility within the testing lab. The trakSTAR
consists of a sensor, transmitter, and a table-top power supply unit that is connected to a
computer by USB. The initial concern with using this product on the RPB was how the RPB’s
electronics and ferromagnetic frame would interfere with the magnetic tracker. The easiest way
to determine whether the magnetic tracker would be affected by the RPB was to actually run the
magnetic tracker within the operating space of the RPB. By running the software that came with
the trakSTAR, it was easy to establish the quality of the signal and how well it would be able to
track motion within the RPB’s frame. The application used was called Cubes, and visually
displayed how the sensor orientation and position were changing using a 6 sided cube on the
computer interface. This Cubes application also included a quality metric that could be used to
detect how much accuracy to expect out of the device at any given moment. After running the
magnetic tracker inside the RPB, it was clear that the magnetic tracker was unaffected by the
RPB frame or electrical interference because the tracker continued to operate normally and
behave as if it were in an open environment. This sensor would have allowed for accuracy of up
to 1.4 mm or 0.5 degrees [12].
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The major drawback of this sensor was implementing it with the National Instruments
cRIO. The trakSTAR itself was built to be connected to a computer via USB and powered
through a 110V AC wall outlet. The power constraint could have been easily navigated as
Ascension offered a driveBAY model of the device that was meant to be installed inside a drive
in a desktop PC. Therefore, it only required 12V DC which would have been much more
manageable to supply from the RPB. Unfortunately, the driveBAY’s output was still through a
USB. Acquiring the data through USB proved quite challenging to implement on the RPB and
was therefore not implemented. The cRIO actually has a USB port, but National Instruments
only supported its use for flash memory expansion and would not have been able to provide any
technical support for using the USB port in any other capacity. Since Arduinos were already used
on the RPB, it was proposed that the Arduino could be paired with a USB shield that would then
be able to read the input from the driveBay. Then, the Arduino would transfer it into a readable
form for the cRIO, but that also proved to be a challenging programming venture, and Ascension
was not able to provide any support on how to accomplish it. Due to the complexities of the
issues and the lack of manufacturer support in setting up such a computer bypass, switching to
this type of sensor was not worth it at the time. Products from Polhemus, were also examined,
but they all appeared to have similar complications.

Programming Implementation of Tracking System
A proportional-derivative (PD) controller was implemented into the RPB. This was an
effective option because the RPB was already using an error term to control the device. This was
motivated by the complexity and therefore troubleshooting problems of the original state space
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controller. Because of reoccurring problems such as the RPB controller driving the headings
further apart and instabilities during operation, it was proposed that a simpler controller such as a
PD could accomplish the same or better reliability and be much easier to troubleshoot.
National Instruments LabVIEW has a built-in palette for PID Virtual Instruments (VIs),
so this allowed for easy implementation into the existing LabVIEW code. There were two VIs
necessary to achieve the functionality necessary—the PID VI and the PID Structures VI as seen
in figure 10.

Figure 10. LabVIEW PD Controller

The PID VI includes a PID controller, whereas the PID Structures VI simply converts the typical
proportional constant, Kp, integral constant, Ki, and derivative constant, Kd, into a proportional
constant, Kc, integral time constant, τi , and derivative time constant, τd. The PID is structured
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based on the series representation of a PID and expects the incoming constants 𝐾𝑐 , 𝜏𝑖 , and 𝜏𝑑 as
seen in equation 1. e(t) refers to the error between the RPB and patient’s location and orientation. Gseries
and Gparallel refer to the resultant control signals that leave the controller and are sent to motor.
1

𝑡

𝐺𝑠𝑒𝑟𝑖𝑒𝑠 = 𝐾𝑐 [𝑒(𝑡) + 𝜏 ∫0 𝑒(𝜏)𝑑𝜏][1 + 𝜏𝑑
𝑖

𝑑𝑒(𝑡)
]
𝑑𝑡

(1)

The parallel form of the PID equation is more typically what comes to mind when creating a PID, and the
PID Structures VI allows us to set the constants 𝐾𝑝 , 𝐾𝑖 , and 𝐾𝑑 . The parallel representation of a PID is
given in equation 2. The integral term of the PID was not used for the RPB and is therefore referred to as
a PD controller.
𝑡

𝐺𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙 = 𝐾𝑝 𝑒(𝑡) + 𝐾𝑖 ∫0 𝑒(𝜏)𝑑𝜏 + 𝐾𝑑

𝑑𝑒(𝑡)
𝑑𝑡

(2)

The PID VI also has a few other inputs and outputs in addition to the PD constants. The
inputs for the PD include a process variable, a boundary range for the output, and a set point.
The process variable for this PD is the angular error between the RPB heading and the patient
heading. The setpoint in this circumstance is 0, since the patient heading and RPB heading are
supposed to be equal. The output of this PD is the command voltage that is sent to the left and
right motors. This value is limited from -2V to 2V for the maximum voltage for turning. The
motors can actually accept command voltages up to ±10V, but some of this range is reserved for
commanding linear travel of the device and any more than ±2V would cause too quick of motion
for the device in the turning direction. The PD with this setup alone caused the RPB to have
small vibrations from the motors having small changes in direction and fluctuation back and
forth, so to eliminate this, a dead zone voltage was created using a Boolean function that sent the
command voltage of 0 if the voltage ranged from -1.5V to 1.5V. This change made it so that the
motor would not be applying voltages that were not enough to produce enough torque to
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overcome the resistance of a stationary RPB. The full RPB LabVIEW code is shown in
Appendix A.

PD Tuning
The PD constants for both the linear and angular controller can be found in tables 1 and
2, respectively. Testing was started with the integral and derivative gains set to 0, and the
proportional gain was slowly increased until the controller provided enough power to the wheels
for movement that was appropriately responsive, but still safe for utilization. Then, the derivative
term was slowly increased For both the linear and angular controllers, the derivative terms were
set at small values. Increasing these values tended to lead toward more erratic, undesirable
movement of the RPB and caused larger oscillations. This manifested itself in larger vibrations
in the device and the wheel motors rapidly turning on and off in different directions. The
integral term was not used to avoid potentially dangerous situations caused by integral windup.
Table 1. Linear PD Constants
PD Constant

Value

Proportional Constant, Kp
Derivative Constant, Kd

4
0.01

Table 2. Angular PD Constants
PD Constant
Proportional Constant, Kp
Derivative Constant, Kd

Value
0.1
0.0005
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Chapter 3
Experimental Validation of PD Controller
A validation method was developed and used for verifying the effectiveness of the state
space controller. The same method was used to validate the new PD controller. In this method, a
Logitech C920 webcam was mounted in the ceiling and the Logitech Webcam Software was
used to record videos that were then processed frame by frame in MATLAB to identify the
location of black, green, blue, and cyan circles that were attached to the RPB and the patient as
shown in figure 11. The full MATLAB code is in Appendix B. To perform this test, the black
and cyan circles were attached to the support bars of the RPB, and the green and blue circles
were attached to a level that had the patient belt IMU attached to it and was held against the torso
of the patient as they turn and walk forward.

Figure 11. Webcam View of Validation Testing
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The camera settings were configured to record 30 frames per second at a resolution 640x480
within the Logitech Webcam Software. Other settings included 20% brightness, 20% contrast,
and 100% color intensity. All of the automatic adjustment settings of the camera were also
disabled to prevent automatic zooming, exposure, and brightness adjustments that would have
inhibited the MATLAB program from being consistently able to detect the circles. A list of the
steps used in the validation tests is outlined in Appendix C.
One of the difficulties of performing the validation tests was having the MATLAB detect
the circles in a majority of the frames. If MATLAB was unable to detect any of the 4 circles, it
would ask the user to select the center of the circle in each frame it had problems detecting the
circles. This was a very time consuming task if MATLAB was not clearly seeing the circles in
many frames of the video, making it critical to identify the proper camera settings for the room in
which testing was conducted. Once the camera settings were properly identified, the only reason
MATLAB would not detect any of the circles was if the test subject obstructed the view of the
camera from seeing a circle.
A total of four tests were conducted in attempts to validate the tracking system. Three
tests were conducted on the linear tracking of the device, and one was conducted on the angular
tracking of the device. For the linear tracking system, lines were marked on the floor in 15 cm
increments to allow for the determination of walking speed. Tests of the linear system were run
for three different patient speeds as seen in Table 3 for both of the state space controller and the
PD controller.
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Table 3. Validation Testing Speeds
Tracking

Tests Conducted

System

Linear

15 cm/sec
30 cm/sec

Angular

Maximum Step size as limited by the front of the RPB (~60 cm/sec)

Monitoring for magnetometer drift while device was stationary

The fastest walking speed was approximately 60 cm/sec, but it was labeled as maximum step
because the user was sometimes limited on how fast they could travel due to the RPB being in
front of them, and the RPB sometimes responded slower than the patient was walking forward.
This sometimes prevented the test subject from walking at a consistent speed during the third test
speed and because of this, was labeled as a maximum step in all of the results.

Validation Results
Figures 12, 13, and 14 contain the linear tracking error at walking speeds of 15 cm/sec,
30 cm/sec, and a maximum step size. The average errors were then calculated for each test and
can be seen in figure 15. For all three different walking speeds tested, the PD controller had a
larger oscillation in distance between the RPB and the patient as the patient walked forward. This
oscillation was visible in the videos of the RPB’s operation—as the patient takes a step forward
and increases the error distance, the RPB will drive forward and eventually drive forward enough
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to surpass the distance traversed with each step. However, even with the oscillations, the PD
controller did keep the average linear error less than that of the previous state space controller for
all three walking speeds as seen in the average errors in figure 15. It is also worth pointing out
that these were not oscillations of the RPB going around the value targeted by the PD.
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Figure 12. Linear Tracking Error at 15 cm/sec
During the 15 cm/sec walking speed test, the PD controller oscillated more than the state
space controller, but followed a similar trend line. The state space controller actually had almost
no oscillation whatsoever. The oscillations did not appear to negatively affect the performance
and interaction of the device and the patient as per the video, but they did allow for the PD to
have a smaller linear error between the device and the patient for a majority of the time. This
resulted in the PD being favored since it had an overall smaller average error.
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Figure 13. Linear Tracking Error at 30 cm/sec
The PD controller performed at its best during the walking speed of 30 cm/sec. As seen
in figure 13, the PD kept the RPB at a lower linear error for almost the entire test. In this test, the
state space controller started to exhibit an oscillation similar to that of the PD controller in the 15
cm/sec test. The PD controller oscillation grew larger than what it was in the 15 cm/sec trial, but
it actually brought about lower linear error values rather than expanding into higher linear error
values. This once again contributed to the PD controller having an overall lower average error.
This peak performance is also confirmed by watching the video of the trial as the RPB remained
well-aligned with the patient’s forward progress.
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Figure 14. Linear Tracking Error at Maximum Step
Figure 14 shows that while using the state space controller, the RPB remained with the
patient rather well, but actually responded somewhat slowly, meaning that a fast-walking patient
would reach the front of the parallel bars and would have to slow their pace to allow the RPB to
keep up. This restriction would not be ideal for patient rehabilitation, but the RPB would most
likely be used with slower walking patients with shorter strides that would not bring them all the
way to the front of the inside of the device. While the PD controller does not create this issue, it
does have the possibility of moving too far in front of the patient if the step is taken too rapidly.
The negative values in this plot come about when the RPB would drive slightly beyond where
the patient is supposed to be along the axes of the motorized wheels. This issue is also not ideal
for a patient’s rehabilitation as the parallel bars could move forward out of the reach of the
patient.
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Figure 15. Average Linear Error
Figure 15 shows that the average linear error for the each trial speed decreased from the
state space controller to the PD controller. The biggest difference between the average linear
errors was in the maximum step size. However, because of the potential for overshoot and the
RPB moving beyond the patient’s grasp, the maximum step test was not the most ideal
performance. All of the tests did indicate that the PD controller was keeping the RPB and the
patient in a closer linear distance than the state space controller for a majority of all the testing.
The patient magnetometer started experiencing drifting issues and prevented the angular
PD controller validation testing from being completed. The original programming of the device
included a revolution counter that creates an absolute angular measurement from the 0 to 360
degree measurement provided from the magnetometer. This revolution counter is run before any
filtering is done on the magnetometer signals and is therefore susceptible to noise. If any noise
happens to exceed the revolution counter’s threshold, it adds or subtracts a full revolution of 360
degrees from the heading. This causes the RPB to start turning rapidly to an incorrect heading.
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Figure 16 is a plot of the patient magnetometer heading as the RPB was stationary and free of
disturbances for approximately 10 minutes. Without the IMU moving, the signal experienced
continually experienced noise, and when would data point exceeded the revolution counter’s
threshold, it counted a revolution and shifted the entire data set by 360 degrees.
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Chapter 4
Conclusions
Improvements to the RPB included the addition of a wireless router, finishing the
installation of the force sensors, developing a new PD controller, and then conducting validation
testing on the controller performance. The PD controller demonstrated that it decreased the linear
error of the RPB, but it is still clear that improvements need to be made to allow for more
consistent and testable angular tracking. The device had no oscillation around the patient’s
position in the linear error testing. The oscillation in linear distance is caused by the patient
moving forward thereby increasing the linear error and then the RPB drives forward to decrease
that linear error to correctly space the patient within the bars near the instantaneous center of
rotation. Therefore, the current PD controller does successfully keep the RPB within usable
operating conditions, although it could still be improved.
The PD controller implemented on the angular tracking of the patient and RPB initially
showed even more success than that of the linear PD controller, but was not able to be validated
due to drifting errors that arose in the patient magnetometer. Nevertheless, these steps forward
have unearthed some of the issues with the initial programming of the RPB and have improved
the overall tracking ability of the RPB. This exploration into a new programming method for the
RPB has resulted in decreasing the average linear error by 4.2 cm and has paved the way to
achieving even better results in the near future.
Completing the installation of the force sensors and starting the installation of wireless
networking on the device were two critical steps in the progression of the device. Adding the
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wiring and programming for the force sensors was the first sensor added to the device whose sole
purpose is for collecting data about the patient. Having these sensors functional allows for new
projects to be focused on and additional patient data collection sources to be identified and
added. The addition of wireless capabilities was an essential step toward implementing solutions
that solidify the experience between the device, the patient, and the therapist such as the RPB
communicating with a tablet or computer.
All of these accomplishments are significant because the improvements help to bring the
RPB closer to patient testing in rehabilitation facilities. This is where the RPB can start making
real world impacts on the livelihood of geriatric patients, patients recovering from strokes, and
patients with other gait impairment in need of ambulatory rehabilitation. The RPB will improve
these patients’ experience through the use of robotics and will allow a patient’s rehabilitation to
occur wherever they choose to walk and in whatever turns they want to make rather than being
confined to a treadmill or a small, straight stretch of a stationary parallel bars. The results that
these patients achieve will be easily tracked by the RPB and will allow their therapists to better
analyze their progress.

Future Work
Future work will be aimed at solving some of the complications that have appeared with
the angular heading readings. This work will include troubleshooting the angular drift error and
comparing the angular control of the RPB based on PD and state space control. One of the main
problems with angular drift seems to be from the noise in the patient magnetometer. While some
drift is also seen in the RPB magnetometer, it appears much more frequently in the patient
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sensor. This alone is not that problematic, but it does create problems based on the current
coding. The raw magnetometer reading is from 0 to 360 degrees. In order to use this data, a
revolution counter was implemented to expand that signal to be able to go above 360 degrees and
into the negative direction. A situation develops, however, because there is no filtering done
before this revolution counter. When a data point comes through with enough noise that the
revolution counter thinks the patient has made a full 360 degree revolution, the RPB will start
driving even if the patient did not move at all. This can cause the RPB and patient headings to
suddenly differ drastically and cause the RPB to start driving in the direction the noisy signal
produced. Future work should be aimed at redesigning this portion of the controller and
potentially implementing a new filter before the revolution counter of the magnetometer.
Additionally, it has been shown that the wheel encoders offer a very accurate way of
determining the RPB heading. Therefore, the RPB IMU is not necessary and actually just
provides another source of error in the tracking system. Currently, the RPB IMU heading and the
RPB encoder heading are averaged together for the overall RPB heading. If the RPB IMU was
removed, the encoders would be able to suffice for the RPB heading. The PD for both the linear
and angular controllers was tuned during operation of the RPB by trial and error methods, but
future work will be focused on using formal tuning methods such as the Ziegler-Nichols
approach to see if even better PD performance can be attained. Other work will involve
finishing the wireless capabilities of the RPB and developing interfaces for a physical therapist to
use during therapy sessions.
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Appendix A
Robotic Parallel Bars LabVIEW Code
Project Explorer:

This is the overall file explorer for the RPB project. All of the virtual instruments (VIs) for the
project are listed here and can be opened.
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FPGA:

This section displays the setup VI of the LabVIEW Field-Programmable Gate Array (FPGA).
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33

34

Top Level Program:

This is the code that is deployed to the RPB to run the device and the PD controllers to run the device
with a patient.
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PID Controllers:

This is the linear and angular PD controllers and how the commands are sent to the motors.

36

Encoder Read:

37

38
IR Read:

39

Wheel Write:

40

Angle:

41

Magnetometer Read:

42

43

44

IMU Read:

45

Bias Reading (zero):

46

Complementary Filter:
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Appendix B
Robotic Parallel Bars Validation Tracking MATLAB Code
% Movie Processor
% Example from Color-Based Segmentation with Live Image Acquisition
% See: http://www.mathworks.com/products/image/description5.html
% Movie should be recorded with Logitech Webcam Software
% Record at "Medium 480p" Resolution
% "Right Light": On
% Brightness: 20%
% Contrast: 20%
% Colorintensity: 100%
% White Balance: auto
% This code will export all position data to a txt file.

clear all;
close all;
clc;
vidIn = VideoReader('X:\Thesis\2.15\PID FWD 2.15 0.5ftsec 3 Cut.wmv')
nFrames = vidIn.NumberOfFrames
vidHeight = vidIn.Height;
vidWidth = vidIn.Width;
data = zeros(nFrames,9);
%Read one frame at a time.
for frameCount = 1:nFrames
frameCount
try
frame = read(vidIn,frameCount);
%
%
%
%

clf
figure(1)
imshow(frame)
drawnow

%

vid = videoinput('winvideo',1,'RGB24_864x480')
% %Camera properties you can set
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% % set(getselectedsource(vid))
% vid_src = getselectedsource(vid); % Get video source
% set(vid_src,'FocusMode','manual') % Set video source property
% set(vid_src,'Focus',0)
% set(vid_src,'Brightness',64)
% set(vid_src,'Contrast',128)
% set(vid_src,'Saturation',255)
% vidRes = get(vid,'VideoResolution');
% vidHeight = vidRes(2);
% vidWidth = vidRes(1);
% frameCount = 1;
%Lens correction
% frame = getsnapshot(vid);
frame_c = lensdistort(frame,0.03,'bordertype','fit');
%Thresholding the image on each color plane
im = im2double(frame_c);
[r c p] = size(im);
% Extract individuals plane from RGB image
imR = squeeze(im(:,:,1));
imG = squeeze(im(:,:,2));
imB = squeeze(im(:,:,3));
%Thresholding on individual planes
imBinaryR = im2bw(imR,graythresh(imR));
imBinaryG = im2bw(imG,graythresh(imG));
imBinaryB = im2bw(imB,graythresh(imB));
imBinary = imcomplement(imBinaryR & imBinaryG & imBinaryB);
%Clean up picture
se = strel('disk',12);
imErode = imerode(imBinary,se);
se = strel('disk',6);
imDilate = imdilate(imErode,se);
imClear = imclearborder(imDilate);
imClean = imClear;
%Segmented gray-level image
[labels,numLabels] = bwlabel(imClean);
%Initialize Matricies
rLabel = zeros(r,c);
gLabel = zeros(r,c);
bLabel = zeros(r,c);
%Get average color vector for each labeled region
for i = 1:numLabels
rLabel(labels==i) = median(imR(labels==i));
gLabel(labels==i) = median(imG(labels==i));
bLabel(labels==i) = median(imB(labels==i));
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end
imLabel = cat(3,rLabel,gLabel,bLabel);
%Find Circles
[centers,radii,metric] = imfindcircles(imBinary,[10 25]);
centersStrong = centers(1:4,:);
radiiStrong = radii(1:4);
metricStrong = metric(1:4);
%Identify Color
Black = [0 0];
Blue = [0 0];
Green = [0 0];
Cyan = [0 0];
%Identify circle colors
for i = 1:4
R = imLabel(round(centersStrong(i,2)),round(centersStrong(i,1)),1);
G = imLabel(round(centersStrong(i,2)),round(centersStrong(i,1)),2);
B = imLabel(round(centersStrong(i,2)),round(centersStrong(i,1)),3);
if(R<0.6 && G<0.6 && B<0.6) %Black
Black = [centersStrong(i,1),centersStrong(i,2)]
elseif(R<0.2 && G<0.5 && B>0.6) %Blue
Blue = [centersStrong(i,1),centersStrong(i,2)]
elseif(R<0.3 && G>0.5 && B>0.6) %Cyan
Cyan = [centersStrong(i,1),centersStrong(i,2)]
elseif(R<0.3 && G>0.5 && B<0.3) %Green
Green = [centersStrong(i,1),centersStrong(i,2)]
else %Green
Green = [centersStrong(i,1),centersStrong(i,2)]
end
end
catch
fprintf('CATCH')
imshow(im)
centers = ginput %Black, Blue, Cyan, Green
Black = centers(1,:);
Blue = centers(2,:);
Cyan = centers(3,:);
Green = centers(4,:);
end
if Black==[0,0]|Blue==[0,0]|Cyan==[0,0]|Green == [0,0]
imshow(im)
centers = ginput %Black, Green, Blue, Cyan
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Black = centers(1,:);
Green = centers(2,:);
Blue = centers(3,:);
Cyan = centers(4,:);
end
%Calculate Linear Distance
deviceL = [mean([Black(1),Cyan(1)]),mean([Black(2),Cyan(2)])];
patientL = [mean([Green(1),Blue(1)]),mean([Green(2),Blue(2)])];
errorL = sqrt((deviceL(1)-patientL(1))^2 + (deviceL(2)-patientL(2))^2);
%Calculate Angles
%Define "up" as zero
deviceA = atan2(Black(1)-Cyan(1),Black(2)-Cyan(2))*-180/pi;
patienA = atan2(Green(1)-Blue(1),Green(2)-Blue(2))*-180/pi;
errorA = patienA - deviceA;
% figure(1)
% subplot(3,3,1)
% imshow(im)
% subplot(3,3,2)
% imshow(imBinary)
% subplot(3,3,3)
% imshow(imClear)
% subplot(3,3,4)
% imshow(imErode)
% subplot(3,3,5)
% imshow(imDilate)
% subplot(3,3,6)
% imshow(imLabel)
% subplot(3,3,7)

%
%
%
%
%
%
%
%
%
%
%
%

clf
figure(2)
hold on
plot(Black(1),Black(2),'ok')
plot(Cyan(1),Cyan(2),'oc')
plot([Black(1) Cyan(1)],[Black(2),Cyan(2)],'-r')
plot(deviceL(1),deviceL(2),'or')
plot(Green(1),Green(2),'og')
plot(Blue(1),Blue(2),'ob')
plot([Green(1) Blue(1)],[Green(2),Blue(2)],'-r')
plot(patientL(1),patientL(2),'or')
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%
%
%
%
%

% viscircles(centersStrong, radiiStrong,'EdgeColor','b');
hold off
axis([0 vidWidth 0 vidHeight])
xlabel('Pixels')
ylabel('Pixels')

%

drawnow

% Conversion: 9 Pixels/inch or 354.33px/m
% Resolution: 0.1 inch or 3mm
newDataPt = [frameCount deviceL patientL errorL deviceA patienA errorA]
data(frameCount,:) = newDataPt;
end
dlmwrite('movData.txt',data,'delimiter','\t');
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Appendix C
Validation Method Overview

Steps
1. Webcam settings were applied so that the colors can be distinguished and appear
similar to figure 8. All automatic adjustment settings of the camera were disabled.
2. Test subject held level with attached circles for patient tracking against their waist
3. Initialize RPB drive system
4. Allowed the RPB to stabilize its neutral position while patient was not moving
5. Patient started walking using the guiding marks on the floor to approximate their speed
6. RPB drive system is shut off and patient turns off webcam recording
7. Video clip was then cut to only include the walking portion of the test, excluding the
patient getting set up within the RPB and exiting the RPB
8. Clip was then imported into MATLAB movieProcessor.m file
9. MATLAB script decomposed the video into frames and would try to detect the 4
circles in each frame. If any portion of any of the circles was obstructed, MATLAB
asks you to manually select the centers of the 4 circles in the given frame. The circles
must be selected in the order of black, green, blue, and cyan.
10. After the script finishes, it publishes the data into a matrix entitled data. This data
matrix is then exported into excel.
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