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In coastal and ocean engineering, understanding the ocean environment and the forces
from waves, tsunamis and waterborne debris on structures and floating bodies is an
important aspect of designing safe and effective infrastructure. Understanding the
impact of these forces on structures becomes an important question in the design
process. Answering these questions relies on mathematical modeling. Mathematical
and numerical modeling often relies on physical modeling to collect data to further
develop the model or equations. The physical parameters in these models can be
measured in a wave research laboratory. This research will focus on measuring the
physical parameters of displacements, the free surface, and motions. Currently these
are measured with motion tracking technologies including optical tracking, position
transducers, inertial measurement units (IMU), and wave gauges. Limitations of wave
gauges include their intrusiveness and spatial limitations. Limitations of optical
tracking systems include visualization constraints. Position transducers are invasive
and can only measure single linear motion. There are spatial limitations with the

amount instruments that can be used thus the extent of data that can be collected. We
seek to resolve these limitations. The focus of this study is to explore methods in which
IMUs can be used to reconstruct motion and an optical tracking system can be used for
collecting data of the free surface. Two motion capture technologies: Xsens DOT
accelerometers and Qualisys Track Manager motion capture system have been utilized.
The Xsens DOT accelerometer is an inertial measurement unit (IMU). The Xsens DOT
IMU has advantages for tracking acceleration data in the wave laboratory because the
DOT is small, waterproof, and self-contained. The sensor can be attached to an object
in the water such as a debris piece and will have minimal effect on the results of the
experiment. The sensor can be considered non-intrusive and can track acceleration of
an object underwater. Qualisys Track Manager is an optical motion capture system
which uses cameras to track the movement of objects. QualisysTM can track the position
of an object provided the object remains in view of the camera. In this study, we look
at the potential to use QualisysTM as a non-intrusive wave gauge.
This study was broken into four separate but related experiments analyzing the
motion capture technologies. The first experiment placed the Xsens DOT sensors inside
waterborne debris in the large wave flume to track the position of the debris as it moved
through a tsunami-like wave and impacted with a model elevated house. On dry land,
tests were run with the Xsens DOT sensors moving in sinusoidal motions to determine
if the sensors could record acceleration data that could then be integrated to obtain
position data. A third set of experiments examined straight, linear motion with the
Xsens DOTs. A fourth experiment tested QualisysTM and the DOTs in the wave basin
to test the ability of the DOTs to record acceleration data of the wave motion and obtain

accurate position data of a particle on the free surface of the water. The goal with
QualisysTM was to track the free surface and determine a wave height and water depth
from the elliptical orbits described by the water particles under waves.
The results of these experiments conclude that for some cases, the sinusoidal
motion recorded by the DOTs can be integrated into position data. For linear motion,
the sensors can provide position data within 20% accuracy for the first 0.4 meters of
motion or the first 2-5 seconds of movement. QualisysTM has shown mixed results for
determining the wave height and water depth. More research involving different wave
conditions is needed to conclude more about the applicability of these motion capturing
techniques. Finally, the tsunami experiment illustrated that while the Xsens sensors
could not yet provide position tracking, the acceleration data spikes occur during debris
impact and these sensors have potential for being further developed and used in wave
laboratory environments.
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Chapter 1 Introduction
Understanding the coastal and ocean environment is an important aspect of
Ocean Engineering. On the coasts, the action of the waves is present, and their forces
need to be considered when building shoreline structures, ports, and ocean-residing
structures and vessels. The action of tsunamis is also relevant and can interact with the
fixed structures or floating objects. The forces on these structures include forces from
waterborne debris. Understanding the impact of the forces, from waves, tsunamis and
debris on these structures becomes important questions during the design process. To
answer these questions, Engineers and Scientists rely on mathematical models of the
fluid flow as well as the body or structure in question.
Fluid flow mathematical models are based on the description of physical
processes. An example of such a mathematical model which is based on Newton’s
second law of physical motion is the Navier-Stokes equation. A version of this
mathematical model of fluid flow is shown below.
𝜕𝑢
𝜕𝑡

𝜕𝑢

𝜕𝑢

𝜕𝑢

1 𝜕𝑝

𝜇 𝜕2 𝑢

𝜕2𝑢

𝜕2𝑢

+ 𝑢 𝜕𝑥 + 𝑣 𝜕𝑦 + 𝑤 𝜕𝑧 = − 𝜌 𝜕𝑥 + 𝜌 (𝜕𝑥 2 + 𝜕𝑦 2 + 𝜕𝑧 2 )

This is the only mathematical model of the flow in one direction (i.e. the xcomponent) and may describe the flow observed in a coastal process, including wave
impact on coastal structures, tsunami flow, or the interaction with floating bodies such
as waterborne debris. In this equation, it follows that 𝑢, 𝑣, 𝑤 are the velocity vector, 𝑡
is time, ρ is density, μ is the dynamic viscosity of the fluid, and 𝑝 is the pressure [1].
The left-hand side of the equation represents how the water particles are being
accelerated and the right-hand side of the equation includes some of the forces per unit
mass that produce such acceleration. In general, the unknown is the velocity vector and
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the pressure as a function of space and time. In this case, the forces shown are due to
pressure gradients and viscous shear. As shown, the mathematical model is quite
complex and has no analytical solution. Hence, the model can be solved numerically,
or it may need to be simplified so an analytical solution can be obtained. In general,
numerical integrations of the equation, and simplifications to obtain an analytical
solution, rely on closure and empirical models. Both the numerical solution and the
empirical models require valid data to calibrate and validate the model.
We collect data by measuring and collecting field data, or through measuring
physical parameters in controlled conditions in a laboratory environment. The latter is
referred to as physical modeling. Physical modeling is the process of creating a
representation of the actual structure or body and simulating the fluid flow or physical
process, which in this case would be waves acting on a structure. Most often, physical
modeling is accomplished using a scale model of the structure and tested in a controlled
wave research laboratory. These research laboratories come in the form of wave basins,
flumes, and tanks which provide the means for scientists to control the wave conditions
with a wave maker. Modern wavemakers can generate wave conditions mimicking the
ocean wave conditions, and one of the advantages is their ability to reproduce all wave
conditions deterministically, including extreme wave conditions. Wave Research
Laboratories provide a representation of waves found in the ocean. These wavemakers
produce repeatable waves ideal for running hydrodynamic tests on scaled models to
predict how these models will respond in ocean conditions. The better these models
can be observed, the more we can understand what is going on under different wave
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conditions. “High-quality, accurate measurements are essential for conducting
successful laboratory studies” [2].
Technology has advanced significantly and the type of data we can collect can
describe the physical processes mentioned above. Currently, we can measure
parameters that describe the coastal processes with high resolution and high accuracy.
Observing the tests involve measuring physical parameters as the experiment
progresses. As discussed in the Navier-Stokes equation previously, some of these
physical parameters include velocities, pressures, densities, position, time, etc., or
derived parameters such as the free surface, wave height, wave period, and forces. This
includes the effect of those processes on the coastal or floating structures such as
motion, displacement, and strain among others.
Displacement, free surface, and motion can currently be measured with specific
motion capturing instruments. Motion Capture (mocap) is a term describing
technological driven methods for tracking the motion of objects, including fluids.
Motion capturing has been used for tracking humans or objects and has many
applications for marine engineering, health sciences, video games, movies, sports, and
robotics. [3, 4]. Motion Capture is the “technology that enables the process of
translating a live performance into a digital performance” [4]. We can collect motion
data using motion tracking systems including position transducers, optical tracking,
inertial measurement units or, for the cases of the motion of the free surface, wave
gauges.
Wave gauges are devices that measure the free surface with high accuracy and
a high time resolution. Examples of wave gauges are resistant type wave gauges,
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capacitive wave gauges, and ultra-sonic wave gauges. A position transducer is a system
that gives linear measurement of distance. Position transducers are highly accurate and
have a high frequency for the output data. Typical position transducers include string
pots, ultra-sonic meters, and an LDVT, among others. The optical tracking systems use
cameras to triangulate the position data and reconstruct the 3D motion of objects.
Examples include Phase Space, LiDAR, and QualisysTM.
An additional instrument that gives motion tracking is an IMU. Inertial
Measurement Units (IMUs) are digital output electronic devices consisting of
accelerometers, gyroscopes, and magnetometers [9]. IMUs have many applications
including military use for estimating flight paths of projectiles, and human motion
tracking [10, 11]. These devices sample the accelerations of an object in motion over
time. Examples of IMUs include the Xsens DOT, Kistler, CrossBow, and Piezotronics.
These motion capture technologies have some limitations. Resistive and
capacitive wave gauges are intrusive, where the surface-piercing rod placed vertically
in the water can affect the free surface. Furthermore, there can be limitations in space
and interference between the instruments. The problems with optical tracking include
visualization constraints. The object must remain in view of the camera to be tracked.
The limitation in the number of instruments is also a concern as adding more
instruments allows for a higher quantity of data collected allowing for a more detailed
description of complex processes. Furthermore, lab equipment and data collection
systems are typically expensive and while more sensors provide more data, this often
increases expenses, either in the form of cost of equipment or time to set up instruments.
Lastly, limitations on floating objects like waterborne debris include that the object
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may not be continually visible for the optical tracking system. This is particularly
evident while debris is transported by broken waves, where foam and air bubbles may
cover the object, as well as due to the interaction of the other debris and complex
structures with covered areas in shallow waters.
Motion tracking of waterborne debris under complex fluid flow and structure
interactions, as well as free-surface tracking with high-spatial resolution and minimum
interference, are situations that require the exploration of new technologies to satisfy
the demand from related research projects. The goal of this thesis is to find solutions
for these problems.
This manuscript will explore methods in which an IMU can be used to
reconstruct motion, and an optical tracking system can be used for collecting data of
the free surface. Furthermore, the use of an IMU will prove to be a valid alternative to
track the free surface. The specific instruments used are QualisysTM and Xsens DOT.
This study will focus on applying these motion capturing technologies.
With QualisysTM, several cameras are used to observe reflective markers
attached to an object being tracked. The location of each marker is calculated through
triangulation of the projection of the marker onto the 2D image from each camera [5].
At least three cameras are needed to implement the triangulation method giving a 3D
rendering of the motions. Additional cameras provide redundancy and a greater
assurance of constant visibility of all markers which in turn increases the overall
accuracy of the 3D position data calculated. The system at HWRL that implements this
method of optical tracking is QualisysTM.[6] Qualisys TM will be detailed in section 1.1
and can be a method for less intrusive data collection of the free surface of the water.
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From the free surface data, linear wave theory can be used to provide estimates for the
wave height and water depth for the trials as detailed in section 1.2.
The second focus of this research is to explore the use of the Xsens DOT which
may be a method to reconstruct the trajectory of an object for instances when objects
disappear from the view of the camera by submerging underwater or under the waves
or model structures. This product is an inexpensive, small, waterproof IMU that records
without any physical connections and thus seemed ideal as a non-intrusive data
collection method. The Xsens DOT is further detailed in section 1.4. Furthermore,
section 1.3 details the technology behind a string potentiometer, which is a position
transducer that accurately tracks linear position data and can be used for comparison to
the output of the Xsens DOT sensor and QualisysTM for linear tests.
Evaluating the effectiveness of these motion capture technologies will provide a
possible method for improving data collection and the measurement of physical
parameters in wave research laboratories. Better data can lead to greater understanding
of the physical processes responsible for motions in the water. This can lead to
understanding the motions of floating bodies and structures as well as improving upon
existing numerical models.

1.1 Qualisys Track Manager
QualisysTM at HWRL is comprised of four high resolution cameras, an L-frame
of stationary reflective markers, and a tracking software named Qualisys Track
Manager (QTM) [7]. For QualisysTM, a minimum of three infrared cameras are set up
in different locations surrounding an area of viewing that represents the field of view
where the motion occurs and can be recorded. The camera sends out an infrared signal
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which reflects off the reflective markers back to the camera and the system recognizes
this as a trajectory. The L-frame consists of four reflective markers in a L-shape. This
frame has a fixed distance between each marker and helps the program calibrate to a
known X,Y and Z location in space. Throughout the experiments, this L-frame is set
up in the viewing frame and remains stationary to provide reference for the 3D
coordinate system for consistency between tests. Qualisys Track Manager (QTM)
calculates the 3D position of each reflective marker from the captured 2D images of
each camera. QTM is a desktop application that runs on single PC and connects and
communicates with the cameras through an Ethernet cable. The program allows for
control of all the cameras to specify capture rate, exposure, calibration, and other
features. Furthermore, the program enables real-time viewing of the trajectories on the
computer screen. Each reflective marker is represented with three independent
coordinates (X, Y and Z) in a Cartesian coordinate system. On the computer screen,
each marker is illustrated as a colored dot. From the 3D position data for each frame of
the timeseries, the software can track the motions of the reflectors in the X, Y, and Z
coordinates. Since Qualisys can track the x, y, and z position of many markers with
high temporal resolution, the vertical position of each marker can be used to track the
free surface, as long as the marker follows accurately the free surface. This is one
method for accurately tracking the position of objects and floating bodies in the
laboratory to provide insight and information of the physical parameters of the
experiment.
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1.2 String Potentiometer
The string potentiometer also referred to as a string pot, is an electronic method
of motion tracking. The string pot is a cable actuated position sensor capable of
detecting and measuring linear position using a flexible cable and spring-loaded spool
[8]. A limitation of the string pot is that it can only measure linear motion in one
dimension. Another issue is that the string pot can only be extended to a limited length,
which varies among different models, but typically is relatively short (from a few
centimeters, to a little more than a meter). For measurements, the string pot is mounted
on a fixed surface and the stainless steel measuring cable is attached to the object to
track the motions of said object [8]. As the object moves in a linear direction away from
the transducer body, the transducer modifies an electrical signal that is proportional to
the length of extension of the cable [8]. The string pot is composed of four main parts
which include the stainless-steel measuring cable, a spool, a spring, and the rotational
sensor. The cable is wound around the cylindrical spool of a constant diameter which
rotates as the cable is extended or retracted. The spring is attached to the spool to ensure
constant tension on the cable [8]. The rotational sensor or potentiometer is connected
to the spool. As the moving object pulls the cable, the spool and sensor rotate, creating
an electrical signal proportional to the cable’s linear extension [8]. The string pot has
been proven to be an accurate and precise method for measuring one-dimensional linear
motion of objects. Thus, the string pot is ideal for use to compare the accuracy of more
complex motion tracking methods in simple scenarios. A limitation of sting pots is their
invasiveness in experiments. When it becomes important to know how an object moves
unaffected by the cable tension of the string pot, the string pot is not able to be used.
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For this, more complex instruments are required for motion tracking in the wave
research laboratory.

1.3 Xsens DOT sensors
The Xsens DOT IMU is an inertial measurement unit consisting of an
accelerometer, gyroscope, and magnetometer which uses orientation-based tracking.
The magnetometer provides a method for the sensor to detect Earth’s magnetic field
and thus can provide an angle in reference to Earth true north [9]. A common coordinate
system for aviation and geodetic applications is the “local earth-fixed reference
coordinate system” defined by the right-hand Cartesian coordinate system in which X
is East, Y is North, and Z is up [9]. This coordinate system is also known as the EastNorth-Up (ENU) coordinate system. The orientation calculated by the Xsens DOT is
the orientation of the sensor coordinate system with respect to this ENU coordinate
system. The Xsens DOT sensor coordinate system is defined where the x-axis points
to the front of the sensor, the y-axis points to the side, and the z-axis points up. The
orientation is determined by calculations using the gyroscope, and the orientation
output comes in the form of Euler angles with units of degrees [9]. In addition, the
sensors produce angular velocity data in degree/s encompassing how quickly the sensor
rotates. The accelerometer inside the sensor produces acceleration data given in m/s2
[9].
The software embedded in the Xsens DOT sensors is highly sophisticated to
ensure the greatest accuracy. The sensor incorporates strap down integration and a
sensor fusion algorithm to obtain the most accurate acceleration and orientation data.
The strap down integration is a method to compute orientation and velocity. The
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angular velocity from the gyroscope and acceleration from the accelerometer are
sampled at 800 Hz, and the strap down integration method converts this data into 120
Hz output data while preserving accurate orientation and acceleration data. The 120 Hz
data is a more manageable amount of data points that can be stored, transferred to a
computer, and analyzed later.

Figure 1.1: Xsens DOT accelerometer and internal coordinate system. The right image shows the measurements
of the dimensions of the sensor in millimeters. Note: the axis shown is not the origin of the DOT, the origin is near
the top left corner. Furthermore, the image is not to scale [9].

Another aspect of the Xsens DOT sensors that functions to improve accuracy
is the sensor fusion algorithm. The three-dimensional orientation of the sensor is
calculated by the embedded Kalman filter core algorithm for sensor fusion [9]. This
algorithm is optimized for human motion and the sensor uses the output from the strap
down integration to compute a “statistical optimal 3D orientation estimate” which is
accurate and minimizes drift according to the user manual [9]. In this manner, the Xsens
DOT IMUs incorporate accelerometers, gyroscopes, and a magnetometer to measure
and provide data for the inertial measurements as a means of motion capturing.
The innerworkings of the Xsens DOT sensors rely on Kalman filtering as a data
filtering technique to decrease drift and other inaccuracies in integration. Kalman

11

filtering is an estimator for the “linear-quadratic problem” or the problem of estimating
the data value in a linear dynamic system disturbed by white noise [12]. In other words,
Kalman Filter provides a means of estimating the true value of the next data point in
the series when collecting data using a sensor that is corrupted by Gaussian white noise.
This technique is known as one of the “greater discoveries in the history of statistical
estimation theory” and contributed greatly to the advancement of science [12]. Kalman
filtering made navigation possible for the Apollo project that put U.S. astronauts on the
moon. The Kalman filter was developed and proven to be accurate, reliable, and
effective for the Apollo mission in 1961 and the first discrete-time Kalman filter was
published in 1960 [13]. The purpose of the Kalman filter is to provide a method for
inferring the missing information from indirect and noisy measurements [12]. In the
case of the Xsens DOTs, the initial 800 Hz measurements are incredibly noisy as the
sensor is only so accurate. This noise comes in the form of normally distributed white
Gaussian noise. A Kalman filter can be applied which estimates the next expected value
of the data based on the previous measured data. It then takes the input of the sensor
measurement for the next expected data value, and applies a weight based on the
statistical likelihood of this value to be accurate or off by a noise measurement.
Averaged over time, the Kalman filter is capable of making accurate predictions of the
next data point, effectively filtering the noise out of the data. For this reason, Xsens
DOT sensors seem to be an ideal choice to investigate as a method of motion capture
that can provide motion tracking data through inertial measurements and integration.
The Xsens DOT sensors are of particular interest since these small devices
present a method for minimally intrusive data collection. The Xsens DOT sensors have
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dimensions of 36.3mm by 30.4mm by 10.8 mm and weight 11.2 grams [9]. This is an
ideal size for attaching to floating bodies in the water or debris pieces. Furthermore,
the sensor has an IP rating of IP68 meaning it can be submerged in water and record
data underwater in wave research laboratory environments. Furthermore, unlike some
lab equipment, the Xsens DOTs do not require a physical connection for data
collection. Each sensor is equipped with a battery that can last up to 8 hours when
measuring and an internal storage of 64 MB which can store approximately one hour
of data when the sensor is set to record at 120 Hz. The sensors are controlled and
calibrated through Xsens DOT app which can be downloaded onto most smartphones
and tablets. From the app, there is the option to connect all the sensors and once the
sensors are connected there is an option for time synchronization which forces each
sensor to have the same timestamp for counting time. The sensor also has the option of
different output rates including 1Hz, 4Hz, 12 Hz, 15 Hz, 20 Hz, 30 Hz, 60Hz and 120Hz
[9]. For 60 Hz or less, there is an option for real-time streaming which portrays the
orientation data on graphs on the screen of the smartphone as the sensor moves in realtime and the stored data can be retrieved via Bluetooth connection. For the recording
mode, which stores data that can be processed and analyzed later, the sensors can store
data with an output up to 120 Hz. The data from the sensor can be retrieved and
downloaded through the charger cable a USB connection to a Windows PC using the
Xsens Data Exporter. These devices are simple to control which is an added benefit
advocating for their use as motion capture device in the lab environment. The most
encouraging factor is their relatively low cost compared to most lab equipment and
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their claim to be as accurate as bulkier and more expensive IMUs [11]. This research
sets out to test the ability of these sensors to be used in wave research laboratories.
Recent research papers show the Xsens DOT in Human Motion Tracking [14].
As the user manual states, the integrated Kalman filter also draws on the physics and
physical restrictions present in human motion to help determine accurate integrations.
While it is designed for tracking human motion, the same techniques of integration will
apply to movement in general. This research project seeks to determine if these sensors
can work for wave motion that does not contain the same restrictions in movement that
human motion presents. The company Xsens has written papers on their success in
achieving full 6DOF motion tracking using inertial measurement sensors [14]. The goal
was to obtain accurate and drift free orientation data using 3D gyroscopes,
accelerometers, and magnetometers. In general, most accelerometers have inherent
integration drift which leads to position data that is only accurate for a short time span
of a few seconds [14]. The goal of this research project is to expand the applications of
the Xsens DOT sensor and use it to recreate the trajectory of debris or waves in wave
research laboratories.

1.4 Research Goals and Objectives
The scope of this thesis is to explore the applicability of motion capture techniques
in measuring wave parameters and the response of floating bodies subject to the action
of waves. One part of this project is to research Xsens DOT Accelerometers and their
potential in tracking the position of objects in water, such as a piece of debris in a
tsunami-like wave as it impacts a model coastal structure. Another angle we will
explore is the ability of QualisysTM to act as a non-intrusive method of determining
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water elevation and wave conditions. This paper will look at the performance of these
accelerometers in straight, flat horizontal motion as well as movement in sinusoidal
pattern consistent with wave motion. QualisysTM, an extremely accurate position
tracking system, is used as reference to compare to the data of the DOT Accelerometers.
The Xsens DOTs will also be compared to the data from a string potentiometer. In a
final experiment, QualisysTM was used to track the position of the free surface and will
be evaluated as a non-intrusive method for obtaining wave condition data. In the
experiment, the Xsens accelerometers were attached to the QualisysTM markers and
their accuracy as a position tracker and wave tracker will be analyzed as well.

1.5 Document Overview
This chapter introduces the scope of the project and discusses the relevance of the
research problem being explored. It contains a review of literature discussing the
instruments used for this application and their limitations as well as data filtering
techniques and their limitations. The data acquisition systems, Qualisys and Xsens
DOT Accelerometers, and their functionalities are discussed. Finally, the general
research objectives and goals were stated. Chapter 2 details the experimental setup and
procedure used for each experiment in this project. The facilities, instrumentation, and
experiments are described in detail. Chapter 3 outlines the methods for data processing
and analysis of the data obtained from the 1D motion experiments. This chapter
discusses the preliminary results for these experiments. Chapter 4 contains the methods
and analysis for the sinusoidal motion experiments with the Xsens sensors and a
discussion of the results. Chapter 5 contains methods for data processing and analysis
of the free surface tracking project including an in-depth discussion of the results.
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Chapter 6 outlines a discussion of the tsunami debris impact project results and future
implications for the motion tracking technology. Chapter 7 offers concluding remarks,
research considerations, and suggestions for future exploration.
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Chapter 2 Methods and Experimental Setup
This research will explore using a specific Inertial Measurement Unit (IMU) in
a controlled lab environment to examine the effectiveness of the accelerometer and its
ability to be used as a device to track motion data. Furthermore, a comparison between
the calculated position data to that obtained with the QualisysTM Motion Capture
System and their functionality as nonintrusive wave gauges. The specific IMU, Xsens
DOT Accelerometers, is detailed in Chapter 1. This chapter will look at four
independent yet related experiments that tackle the question of how well the
accelerometers can track motion. The first section looks at a 3-dimensional potential
application for the Xsens DOTs in tsunami force analysis and this section describes the
setup for that experiment. The second set of experiments examines 1-dimensional
forward motion, and this chapter describes the experimental setup and instruments used
for this test. The next set of experiments examines 1-dimensional motion with a more
systematic and robust process to compare the DOT data to QualisysTM data. The fourth
section seeks to examine sinusoidal wave motion with the Xsens DOTs. Finally, there
is a section on QualisysTM and Xsens DOTs in free surface tracking to measure waves.
This chapter describes the facilities at Oregon State University that were used for
testing along with the experimental setup of instrumentation, including the Xsens
DOTs, cameras, QualisysTM, and the data acquisition system. The experimental
procedure, progression of tests run, and the different setups and wave conditions used
for the experiments are all outlined. All experiments were completed at the Hinsdale
Wave Research Laboratory (HWRL) at Oregon State University in Corvallis, OR.
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2.1 Setup and Procedure for the Tsunami Debris Project
A practical application for the use of improved motion capture technology is
for experiments in the wave research laboratory modelling tsunami impact forces. One
such example is the project started in the Large Wave Flume (LWF) at the Hinsdale
Wave Research Laboratory in February of 2021. The goal of this project was to
examine the impact forces of debris on elevated structures in tsunami waves. This
project improves upon the experiments in 2018 looking at the impact of debris in
tsunami waves on coastal infrastructure [18-20]. At the moment, there exists no method
of tracking objects in waves and underwater, the Xsens DOT accelerometers were
examined as a potential to fill this gap.

2.1.1 Large Wave Flume
The experiment was conducted in the Large Wave Flume at HWRL facilities.
The LWF utilizes a dry-back piston-type wavemaker with a maximum stroke of 4 m
and a maximum speed of 4m/s. The LWF is 104 m in length, 3.7 m in width and 4.6 m
deep. The maximum water depth to run a tsunami-like wave is 2 m [16]. The LWF is
equipped with piecewise-continuous, impermeable, movable beach that can be adjusted
to various increments between 1:36 and flat [16]. More detail on the LWF can be found
in the research paper on building resilient communities by Lomonaco et. al. [16].

2.1.2 Elevated House and Attached Sensors
The test structure is a 1:10 scale model of an elevated coastal house. This setup
includes the use of resistance-type wave gauges, pressure gauges, acoustic Doppler
velocimeters, and load cells. For this project, the setup of sensors and equipment
followed the experimental setup of previous projects. A more detailed description of
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the setup can be found in these referenced papers [18-20]. This project focused on
improving the data from Sheckar et. al. which found the model coastal structure was
not rigid enough. While it was possible to differentiate between structure vibration
noise and debris impact signal after significant post-processing, it was not possible to
differentiate for simultaneous impacts of multiple debris [20]. One solution was to
increase the rigidity of the building specimen. Triangular cross-bars were added to
significantly increase the rigidity of the structure. Furthermore, a longitudinal in-line
load cell was added, and the attachment point was lowered to increase the stiffness for
horizontal forces, so the force data would show less movement and vibration of the
structure and the data of debris impact forces are more apparent and possible to locate
and analyze. In addition, the experiment utilizes a high-speed camera, and GoPro
Cameras hanging from the crane above and one section South of the elevated box which
can record the tsunami-like wave and debris impacting the structure.

2.1.3 Debris
The Debris pieces were made of high-density polyethylene (HDPE) blocks with
a density of 988 kg m-3 which is just below the density of water. A circular hole was
cut in every debris piece and four pieces of debris, numbered 1 through 4, were outfitted
with a hole that could perfectly contain an Xsens DOT accelerometer with the center
of the sensor in the center of the block of debris. The circular holes had covers that
were screwed back into place during some of the experiments yet could be replaced
with magnets designed to work with an electromagnetic release system for dropping
the debris into the water just before the tsunami wave passes by. These debris pieces
were similar to the debris used by Shekar et. all [20].
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2.1.4 Testing
With many different wave conditions, multiple experiments were run in which
a tsunami-like wave propagated toward the model structure. In some trials, the debris
pieces, arranged in a pattern with anywhere between one debris piece up to 24 pieces,
were contained within a wooden frame which was lifted by the crane shortly before the
wave passed. In other trials, the debris pieces, arranged randomly were dropped
electromagnetically from a short height above the water line as the wave approached.
The debris was then dragged by the wave into the structure. Throughout the experiment,
data from the Xsens DOT accelerometers was collected using the same method as
detailed for the above experiments in this paper. The DAQ connected to the sensors
and recorded the data for the experiment. As before, the water depth is measured. There
are wave gauges to measure the wave as it passes by. Some additional sensors include
the load cell attached to the model structure.
The primary goal is to determine if the Xsens DOT accelerometers can be used
to identify the impact of the debris on the structure in the time series. Another goal was
to attempt to use the accelerometers to describe the trajectory of the debris pieces. The
pressure gauges will indicate the time the wave or debris hits the structure with a change
in amount of pressure sensed. The accelerometer measures the acceleration which
behaves with a linear correlation to the force data thus can detect moments of impact.
With this, we can compare the timeseries to see if we can track the time the debris hits
the structure.
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2.2 Preliminary Experiments with Simplified Forward Motion
To test the IMU, the best place to start is to take away as many additional
variables of an experiment. To begin, this project looks at one directional, onedimensional motion along a flat table. The first and simplest experiment to test the
Xsens DOTs was to move the accelerometer a set distance and record the data. On the
conference table in the Control room at the HWRL, the Xsens DOT was placed flat on
the tabletop besides a tape measure to measure the distance the DOT is pushed along
the table. Five DOTs were moved simultaneously to obtain repetitive data to compare
and determine repeatability and precision of the device. After pressing record on the
Xsens DOT app to record the IMU data at a rate of 120 Hz, the five DOTs were pushed
by hand from the starting point at 0 meters to 1 meter along the ruler North, in the xdirection relative to the sensor reference frame. Using this method, the resulting
recorded data are accelerations, gyroscope angles, and Euler angles for the Xsens DOT.
All meaningful data moves in the x-direction with minimal y-direction movements
dependent on the stability of moving in a straight line by hand and minimal z-direction
movements limited by the sensor resting at a constant elevation on the flat table.
These trials took place on 6/15/2021 at the HWRL. Eleven different trials were
recorded. In each trial, five DOTs were set in the exact same orientation, side-by-side
and moved with the exact same motion patterns. The result will give five sets of
recorded accelerometer data that depict the same motions. For Trial 1, the sensors were
pushed 30cm north in positive x-direction for a duration of 20 seconds. Trial 2 has five
DOTs moving in the negative y-direction for a total distance of 60cm. The DOTs move
straight and flat along the table north with the sensor oriented such that the positive y-
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axis is South and the positive x-axis is West. The third trial has the sensors moving
north 60cm with the sensors oriented with the positive x-direction facing South. The
net movement of 0.6 meters is in the negative x-direction. In Trial 4, the sensors are
pushed by hand North along the tabletop a total of 50cm. The DOT is oriented with the
positive x-axis facing East such that the DOT moves in the positive y-direction. With
all four of these trials, the orientation of the sensors remains the same throughout the
experiment so theoretically no changes in Euler angles are expected. To analyze more
complicated motion, the next set of trials had a different pattern of motion. Trials five
through eight pushes all 5 DOTs north 30cm and then directly east 30cm remaining in
the same initial orientation. The path makes a L-shape along the table. For trial 5, the
DOTs face with the positive x-direction to the North the entire time and there should
be no motion in the z-direction. For Trial 6, the dots face West so motion will be in the
negative y-direction at the beginning and then in the negative x-direction. For Trial 7,
the sensors are facing South so the resulting displacement should be in the negative xdirection and then positive y-direction. For Trial 8, the DOTs are oriented East, so
motion is in the positive y-direction and then in the positive x-direction. Lastly, Trial 9
repeats the same straight motion as Trial 1 with the exception that the sensors are
flipped over resulting in the positive z-direction pointing down. This means the dots
travel in the positive x and positive y-direction.
To further complicate the motion, trials 11 through 14 tracked the motion
described as follows. Trial 11 has the DOT oriented vertically with the x-direction
facing North and the positive z-direction facing West, and y-direction is facing down.
There should be minimal motion in the y-direction due to stability from the table. Trial
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12 contains the sensor oriented with x-axis facing North, rotating back and forth about
the sensor x-axis so the Euler angle in the y-direction will vary greatly. The x-direction
Euler angle should not change, and there should be minimal motion in the z-direction,
but z-axis should be rotating as well. Trial 13 has the accelerometer oriented with the
x-direction pointing North and lying flat on the table. The sensor is lifted straight up 1
foot and straight back down. The movement should be in positive z-direction and then
negative z-direction with minimal movement in x and y-directions and no change in
Euler angles. Trial 14 moves the sensors straight down approximately 1 foot followed
by rocking back and forth to +- 45 degrees 10 times. This should result in negative zdirection motion followed by 10 sinusoidal waves of change in y and z Euler angles.
There was no motion in x- or y- directions.
In an attempt to reduce noise and sources of error in the trials, another few trials
were run where a high-speed camera recorded the position of the sensor over time for
comparison. The high-speed camera, Edgetronic SC1 Color High-speed camera, 882
fps at 720P resolution, was setup on a tripod facing downwards to the floor of the
control room upon which the accelerometers would be pushed. This experiment was
setup with a highspeed camera on a tripod with the lens horizontal and pointed
downwards. The floor was measured with a leveling device and determined to be level
and flat. The camera recorded at a frequency of 100 frames per second. Other settings
including brightness, clarity, and zoom were able to be controlled by the wave lab
laptop connected to the camera via an ethernet cable. The recordings were stored on
the computer which controlled the start and stop times and video durations. In the view
of the camera, a blinking red LED was placed on the ground, connected to a solenoid.
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The LED light flashes in synchronization with the movement of the solenoid, both
controlled by a random digital pulse generator. One accelerometer is attached to the
solenoid and can detect the changes in acceleration which occur the same time as the
light turns on or off in view of the camera. The resulting data can be time synchronized
between the Xsens data and camera data by merging the time vectors in correspondence
with the LED and solenoid motion happening simultaneously. A measuring tape was
extended and placed on the ground to push the accelerometers besides. This allows for
the camera to view what distance the Xsens DOT sensor has moved. For the ten trials,
the four DOTs were pushed by hand, 40cm in the positive x-direction straight along
the floor next to the ruler for a duration of 20 seconds for each test. The fifth DOT was
occupied with its task as solenoid motion recorder for time synchronization purposes.
For uniformity, Xsens DOT sensor marked with the number 1 was always placed in the
solenoid.
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Figure 2.1: Image from the high speed camera of the setup

To achieve more consistent accelerations in the movement of the test sensors,
another ten trials were run with exact same setup with a few additional requirements
for more precise trials. A ruler was laid on the ground in the center of the camera frame
to have the path of motion move horizontally across the window of the camera. A
known fact of the camera lens is that cameras have a distortion also called aberration
in which shapes in the view of the camera are distorted and the edges are significantly
worse than the middle. There exists a procedure to measure and compensate for this.
However, the most realistic line shape is represented in the center of the frame. Thus,
the goal was to keep the sensor in the center of the frame as much as possible.
Furthermore, to achieve stable acceleration, rather than pushing the DOTs as in the first
trials, this experiment included lining the four sensors along an L-shaped carpenter
square and pulling the carpenter square forward to propel the sensors 40 cm within the
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view of the camera. For this experiment, five trials were recorded each with a duration
of 25 seconds. Ultimately, the data from these trials were not analyzed as creating a
vector of position data over time from the camera images proved to be an advanced
video data analysis project beyond the scope of this research.

2.3 Systematic Experiments with the String Potentiometer and
QualisysTM
Since extracting position data from the camera video proved to be difficult,
another route to record position data of the sensors was devised. Using the string
potentiometer to record one-dimensional motion, these devices proved to be an ideal
position tracker for this simple motion case. To further simplify the experiment and
confine the Xsens devices to 1D motion with a greater assurance of no accidental
sideways or upwards motion, the DOTs were attached by two-sided 3M tape to a sliding
flat car on a rail. This 1.2-meter-long rail was attached by the ends to a length of 2x6
board to be set on a table. This is shown in the figure below.

Figure 2.2: The setup of the rail car system for one-dimensional motion.

Attached securely to the board was the string pot to ensure it remains fixed with
respect to the rail. The cable of the string pot was attached by bolts to the sliding flat
car with the accelerometers. The string potentiometer connected to a desktop computer
capable of running Simulink, the program that can control the setting of string
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potentiometer such as the frequency and recording time. A timeseries of the analog
output of the voltage conducted by the wire is then recorded into Simulink. As with the
previous experiments, the solenoid was setup, connected to the LED and the DAQ
sending data through Simulink to the desktop. This allows the timeseries between the
Xsens DOT accelerometers and the string pot to be matched up. For this experiment,
twelve trials were run, six the rail car pushed at a steady speed to end of the rail, and
six with the rail car pushed along with sporadically changing acceleration.
After these experiments, some tests using QualisysTM were developed.
QualisysTM would work as a method of tracking 3D position and function as a
comparison tool to verify the accuracy of the recorded 1D motion of the string pot.
These tests included both QualisysTM and string pots to verify the accuracy of
QualisysTM with respect to the string pot in the simple 1D motion case. These tests span
3 days, 10/18/2021, 10/19/2021, and 10/21/2021. On 10/19/2021 in the balcony above
the wave basin, a wooden table was set out to hold the rail and string pot design from
the experiment above depicted in Figure 2.2. Another small desk table held the
computer that controlled the DAQ and Simulink. As QualisysTM requires its own
computer to control the cameras and store the data, another small desk table was setup
connecting to the infrared cameras. The QualisysTM cameras were placed on tripods
surrounding the main wooden table. See the figures below for a visual representation
of the setup.
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Figure 2.3: Image of the string pot and Xsens DOT with attached QualisysTM markers.

Computers
to control
experiment

Qualisys Cameras
Rail
DOTs and markers
String Pot

L-frame

Figure 2.4: Experiment Setup with QualisysTM.

On 10/19/21 a total of 10 trials were run, each with four accelerometers attached
the rail car with QualisysTM reflective markers atop each accelerometer. The sensors
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were moved by hand straight along the rail at a steady speed ending near the 1-meter
mark encompassing a total time of 30 seconds. Results of these experiments will be
presented in Chapter 3, section 3.2.

2.4 Experimental Procedure for Accelerometers Moving in
Sinusoidal Motions
In addition to examining the Xsens DOT accelerometer in their ability to
accurately compute the displacement travelled over time for straight motion, another
question is how well they do with wave motion. Sinusoidal motion is traditionally
easier to integrate and convert accelerations into accurate position data. Furthermore,
the applications in a wave research laboratory for recording wave motion and
sinusoidal motions are omnipresent. As with the above experiments, we first began
with the simplest case and proceeded to further add more instrumentation and improve
the methods to remove unknown variables as time passed.
The first experiments were in July of 2021. On the tabletop in the Control
Room, the measuring tape was set on the table aligned the DOT with x-direction
pointing North and the direction of motion of the sensor was in this direction. Starting
at the 0.5-meter mark on the tape measure, after starting the recording of the Xsens
DOTs on the iPad, the sensors were pushed to the 1-meter mark maintaining the
orientation of the DOTs, and then moved backwards to the 0-meter mark. The goal was
to mimic the acceleration represented by a sinewave curve creating 20 waves in the 100
seconds of recording. The table below represents the actual number of waves the
sensors moved through in the recording of each trial.

29

Trial Number
1
2
3
4
5
6
7
8
9
10

Number of ‘Sinewaves’
16
15
15
14
16
19
16
20
20
20

Table 1: List of trials and number of motions recorded for the tabletop experiment.

Another set of trials were run such that the period of the sinewaves would be
shorter. On the same tabletop with the same experiment set up, the 10 trials conducted
with 4 DOT sensors stacked on top of each other, oriented with the x-axis facing north
in the direction of movement. Starting at the point of 0 meters along the ruler, the
sensors were slid by hand to the 50cm mark north and back for approximately 50
sinusoidal movements ending back at 0. Each trial took approximately 1 minute. Faster
movements would result in a greater deviation in accelerations felt by the sensor and
hopefully a noticeable difference between the signal and the noise of the sensor. The
results of these trials will be analyzed and discussed in the chapter 4 of this manuscript.

2.5 Setup and Procedure for the Free Surface Mapping Project
The third experiment of this research project involved examining the viability
of the Qualisys system as a non-intrusive replacement for wave gauges and comparing
the Qualisys position data to that of the Xsens DOTs to assess the reliability of Xsens
DOTs as sinusoidal wave trackers. This section describes the equipment and
instruments used for this experiment.
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2.5.1 Wave Basin
This set of experiments took place in the Directional Wave Basin (DWB) in the
Hinsdale Wave Research Laboratory (HWRL). The DWB is 48.89m long, 26.5m wide,
and 2.1m deep basin designed for wave research. The basin is setup for tsunami
research, coastal infrastructure testing, renewable energy device testing, floating
structure testing, along with numerical model validation and wave hydrodynamic
research [15]. The DWB is pictured in Figure 2.5.

Figure 2.5: Oregon State University Directional Wave Basin.

The wave machine is a powerful snake-type system and is constructed with 29
boards 2.0m high, capable of generating up to a 2.1m long stroke with a maximum
velocity of 2 m/s. The wave maker drive system is a wet-back piston-type, electric
motor [16]. This system can produce long-period, short-period and multidirectional
waves including regular waves, irregular waves, tsunami-like waves, and user defined
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waves [15]. The period of the generated waves can range between 0.5-10 seconds and
a maximum regular wave height of 0.85 m in 1.37 m of water and a maximum solitary
wave of 0.7 m in 1.0 m of water.

Figure 2.6:The Wavemaker at the DWB.

The DWB also contains supporting equipment to assist in experiment setup.
There is a 7.5-ton capacity bridge crane and instrument carriage spanning 26.5m width
of the basin. Unistrut is installed on the floor and on the sides every 1.22 m of the DWB
to secure models and instruments. Furthermore, the DWB is equipped with a 1:10 slope
removable steel beach [16].
A movable instrumentation bridge which spans the width of the basin was
positioned over the center of the basin to support data acquisition equipment and
instrumentation over the center of the basin during testing. The coordinate system of
the DWB is defined with the origin at the center of the base of the wavemaker when
the stroke is in its neutral position. The DWB runs East to West within the HWRL with

32

the wavemaker at the East end of the basin. In the defined coordinate system, the
positive x-direction is West in the direction of wave propagation. The positive ydirection is South along the wavemaker, and the positive z-direction is upwards
following a right-handed Cartesian coordinate system that the Xsens DOT sensor
utilizes as well as QualisysTM.

2.5.2 Data Acquisition System and Instrument Setup
The Hinsdale Wave Research Laboratory has a well-written manual titled
“Guide to the Project folder” which state the following italicized information on the
Data Acquisition System for the experiments. The data acquisition system (DAQ) used
in the DWB runs on National Instruments PXI architecture computers. These
computers use a real-time version of the LabVIEW programming environment. Each
computer is installed in a PXI chassis along with accompanying PXI and or SCXI
modules. Analog data acquisition for each DAQ is controlled by a NI PXI-6259 Mseries 16-bit multifunction DAQ module. The DAQ module communicates via the
PXI/SCXI backplane to SCXI-1143 Butterworth anti-aliasing filter modules in its
containing PXI-1052 chassis. Each filter module is fronted with SCXI-1305 terminal
blocks that take ±5V differential inputs from analog channels via 50Ω coaxial cable
with BNC connectors. The SCXI-1143 Butterworth anti-aliasing filters are set with a
cutoff frequency at ¼ the sampling rate. There are eight filter modules per PXI-1052
chassis and eight channels per filter module, for a total of 64 channels of analog inputs
per chassis. Synchronization of up to three independent chassis permit up to 192
synchronized analog input channels. The DAQ sampling rate is typically 100 Hz; the
DAQ is capable of up to 5 KHz when sampling all 64 channels. The DAQ assumes that
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all input sources are ground-referenced; therefore, it has no resistor to ground on the
low (negative) side of each differential input. Testing at the HWRL has shown that the
DAQ is accurate to within ±0.3mV when observing known voltages on NIST-traceably
certified voltage standards.
The HWRL DAQ system clocks are synchronized to a grandmaster clock using the
National Instruments NITimeSync implementation of the IEEE 1588-2008 Precision
Time Protocol. The grandmaster clock is a dedicated PXI-based HWRL DAQ system
with an NI-PXI-6682 timing and synchronization module connected to a Trimble Bullet
III GPS antenna mounted on the roof of the HWRL. The GPS signal provides ±100ns
accuracy relative to UTC. The grandmaster clock sends synchronization messages over
the local firewalled HWRL DAQ network every 500ms. Testing shows that HWRL DAQ
timestamps agree to within ±7ms when observing triggered coherent samples of the
same analog signal. During the AOE device testing, the PXI module was configured
with a sampling rate of 100 Hz. Figure 10-7 shows the master and slave PXI modules
as deployed during the testing [17].
The experiments were conducted with an approximate water depth of 1m.
During testing, the water depth was recorded by the DAQ on channel ‘depth’ which
read the analog output of the pressure sensor PDCR 10/FD made by Druck, which has
been calibrated with an associated level enclosure for 34.05 cm of water per volt. The
sensor is temperature compensated over the range of temperature from 0° to 30°C. The
water temperature during the tests varied from 7 to 12oC. The water level sensor is
located on the backside of the Wavemaker, on the northeast corner of the wave tank
[17].
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For this experiment, the following additional instruments were connected to the
DAQ and the analog observations were recorded and time synchronization was
maintained. The DAQ recorded the time when the QualisysTM recording system started
recording data. The ‘led’ column recorded a square wave voltage of the blinking LED
light, in synchronization with the movement of the solenoid. The LED is controlled by
a random digital pulse generator which is recorded by the DAQ. The data shows a
signal of 5 volts when the light is on and zero volts when the light is off. Likewise, a
solenoid is set up controlled by the same random digital pulse generator and recorded
by the DAQ. The solenoid is held in the down position when the light is on, and releases
to the up position when the light is off. These motions can be clearly sensed by the
Xsens accelerometer and the moment in time of the change can be noted allowing for
the data between the Xsens system and the DAQ system to be synchronized in postprocessing. The DAQ records data of six different wave gauges placed in different
locations in the basin.
The wave gauges are setup as shown in the figures below. The following table
shows the x and y-coordinates for the location of each of the wave gauges with
reference to the DWB Cartesian coordinate system as defined in section 2.4.1 above.
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Wave Gauge

X-coordinate (meters)

Y-coordinate (meters)

1

10.693

-0.004

2

14.423

-1.527

3

14.428

1.498

4

17.352

-2.924

5

20.362

-1.547

6

20.339

1.484

Table 2: Location of Wave Gauges in DWB coordinate system.

The wave gauges are of resistance type which uses the conductivity of the water
between two parallel metal rods to determine the water depth. These wave gauges are
located near and within the area of the metal instrumentation frame. The
instrumentation frame is constructed out of aluminum poles and enclose a 20 ft by 20
feet area. Four columns approximately 6-8inches in diameter support the frame from
the bottom of the basin. Attached to this frame as depicted in Figure 2.7 are four
infrared motion capture cameras that are used with QualisysTM. For the experiments,
QualisysTM will be started separately by the computer on the bridge that controls
QualisysTM. During post-processing, the data can be time synchronized with the time
data from the DAQ. The DOTs are also started separately and can be time synched
during post-processing by the DAQ data from the solenoid. In order to calibrate and
maintain the same coordinate frame between trials for QualisysTM, an L-shaped
structure with 4 QualisysTM markers is placed in the field of view of the cameras. This
is known as the L-frame and it remains in a fixed location, unmoving, with the markers
the same distance relative to each other for each trial. This allows for QualisysTM to
identify the moving markers in reference to the same coordinate system for each trial,
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which has been set to match the DWB coordinate system. The L-frame for QualisysTM
is setup as depicted in the figure, mounted on a pole approximately 2 inches in diameter.
With this instrumentation frame setup, the wave basin is equipped to run experiments
observing the 400 square foot of area within the large instrumentation frame.

Location of
the ‘floats’

Figure 2.7: Location of QualisysTM Cameras and the wave gauges in plan view of the DWB.

2.5.3 Construction of the Floating Free Surface Followers
For the experiment, there were two goals. One was to determine how well
Qualisys can act as a wave gauge and recreate the free surface of the water. The second
was to compare acceleration data of the Xsens DOTs to position data of the Qualisys
reflectors to determine the accuracy of the sensors as a position tracker with wave
motion and thus how accurately the DOTs can track sinusoidal wave motions. Thus in
both cases, floating elements that would follow the free surface of the water were
created. These floating elements needed to mimic the motion of the actual water
particles while also having the advantage of being able to be tracked. Using Styrofoam,
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small 2inch by 2inch squares were cut out of ½ inch thick sheets to create ‘floats’ that
would float on the surface with very little friction or drag and mimic the wave motion.
The Styrofoam ‘floats’ were 2 in3 in volume or 31.77 cm3 and had a density of
0.05g/cm3. The ‘float’ weighed 1.5g. These could be equipped with a single reflective
marker, (0.5 g) attached with double-sided 3M tape and an Xsens DOT sensor (11.2g)
attached in the same manner. These floats had a total mass of 13.2g with a volume of
32cm3, thus were light enough to be considered a ‘perfect’ free surface follower.
To contain the ‘floats’ to the desired viewing field of the cameras, fishing line
was attached to the Styrofoam and the fishing line was tied around a heavy 2inch nut
which will be the anchor. The line is approximately 1.5 m long to allow slack and not
interfere with the motion of the floating elements but keep them from drifting away. In
total there were 30 models and 4 of these had an Xsens DOT sensor attached while the
remaining only contained a Qualisys reflector marker. The figures below depict these
models.
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Figure 2.8: Styrofoam cut into squares for testing.

Figure 2.9: Model free surface followers and their anchors.
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Figure 2.10: Model free surface followers floating in the basin during a test.

After assembly, these ‘floats’ were placed in the basin. Each anchor was set on
the floor of the basin equal distance apart creating a 5 x 5 grid of the models covering
about 1.5 square meters of area in view of the infrared cameras.

2.5.4 Lists of Waves Run
Project:
Experiment:
Description:

FreeSurfaceMapping
20220204_Regular
Regular waves; Airy; duration=180s; DAQ=30000samples;

Trial
(#)

H
(m)

T
(s)

h
(m)

θ
(°)

1
2
3
4
5
6
7
8
9

0.10
0.10
0.10
0.10
0.10
0.02
0.20
0.10
0.10

1.0
1.5
2.0
2.5
3.0
1.5
1.5
1.5
1.5

0.94
0.95
0.95
0.96
0.96
0.96
0.96
0.96
0.96

0
0
0
0
0
0
0
10
20

Date
2/4/2022
2/4/2022
2/4/2022
2/4/2022
2/4/2022
2/4/2022
2/4/2022
2/4/2022
2/4/2022

Time
9:51
11:13
11:35
11:52
13:16
13:33
13:49
14:07
14:22

Notes
no DOTs
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Table 3: Regular wave conditions for Free Surface Mapping Experiment.

For this research, ten trials of waves were run in the DWB on February 4th 2022.
The above table shows the Regular wave trials complete with the wave height in meters
and period of the wave in seconds that the wavemaker was programmed to create. The
direction of wave propagation in the basin is listed beneath θ in the chart which is the
direction of the waves in degrees with 0 degrees meaning the waves propagate in the
x-direction. For the last two trials, we tested waves with direction of 10 degrees and 20
degrees with respect to the x-axis. The following table illustrates the wave conditions
for a trial with a random wave case. This case created different sizes of waves following
the distribution of the JONSWAP spectrum, which matches the distribution of irregular
waves in the ocean.
Project:
Experiment:
Description:
Depth h
(m):
Trial
(#)

Hm0
(m)

1

0.098

FreeSurfaceMapping
20220204_Random
Random waves; file displacement; JONSWAP; ɣ=3.3; spreading coefficient 17
0.96
Tp
(s)

Duration
(s)

DAQ
(samples)

Filename
(_h1.00_disp.bin)

1.20

720

84000

JS_H0.098_T1.20_s17

Date
2/4/2022

Time
14:40

Table 4: Random Wave conditions for Free Surface Mapping Experiment.

2.6 Chapter Conclusion
This chapter describes the experimental setup and procedure for each of the
experiments in this project. The wave basin and large wave flume were detailed. Dry
land testing facilities were detailed. The progression of the experiments and the
processes of data collection were discussed. The setup of each instrument was
described and objectives for the experiments were stated. Chapter 3, 4, 5 and 6 will
outline the methods for processing and analyzing the data obtained from the
experiments and discuss the results.

Notes
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Chapter 3 Straight 1-D motion for the IMUs
In order to analyze the acceleration data of 3D motion of the debris from the
tsunami debris tests, we first need to see if the acceleration of linear motion can be
resolved into a position timeseries with accurate results. This chapter will examine the
post-processing methods and results of the experiments of 1-D straight motion outlined
in section 2.2.

3.1 Preliminary Trials
This section will describe the results of the preliminary trials including the
motion along the tabletop and the trials with the high speed camera. These trials had
less systematic and precise methods for running the experiments compared to later
cases, but the results help formulate the data analysis processes for the later
experiments.

3.1.1 Preliminary Trials Conducted on the Tabletop
This section will begin with examining the data from the trials of 1-dimensional
forward motion of the Xsens DOT accelerometers from the experiments as described
in section 2.1. The first set of experiments included the 14 trials pushing the sensors
across the table. The data was recorded by the Xsens DOT app on a smartphone. Using
the 120Hz recording mode, a button within the app allowed for the recording to be
initialized before motion began, as well as stopping the recording once the motion was
finished. The data is then stored in the accelerometer devices. To get the data onto the
computer, the device is connected to one of the wave lab laptops via USB cable. Using
the Xsens Data Exporter program, the data can be downloaded from the sensor to a
folder on the computer. This file is a comma separated values excel file conveniently
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labeled with which DOT device number the file was extracted from as well as the time
of the experiment in Pacific Standard Time. The excel file contains 10 columns of data;
the time stamp, which is synchronized between devices so each sensor will display the
same time for the same moment in time, followed by the IMU data: the Euler angles in
degrees for yaw, pitch, and roll, the acceleration in x, y, and z directions, and the
gyroscope readings of angular velocity in degrees/s. This was the process for all the
IMU data collected for this thesis project.
For each Trial, the data from each of the five sensors was imported into
MATLAB. The IMUs sense and record gravity as an acceleration so this must be
subtracted to obtain the free acceleration. For these first tabletop trials, the z-axis of the
sensor remained in the same orientation as the earth coordinate frame, thus in these
trials the gravitational constant -9.81 m/s2 could simply be subtracted from the data
value of the acceleration in the z-direction.
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Figure 3.1: Acceleration data from the Xsens sensors in the y-direction.

The figure above shows the y-direction acceleration by one of the sensors
during Trial 2 in which the sensors moved straight in the y-positive direction. The
spikes generally follow a pattern that shows there is motion for the middle 25 seconds
of the trial with a period of no motion just after the 30-second mark. Similar to the first
4 seconds of motion in the y-direction, the acceleration in the z-direction illustrates
minimal acceleration. This coincides with the stability of the table preventing any
vertical motion. When in motion, there is some noise from the sensors however overall,
the line remains steady at an acceleration of 0m/s2. These sensors moved
simultaneously each graph would depict the same spikes in acceleration with the same
jerky imperfect hand-motion that attempts a smooth push. Interestingly, for the x-
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direction, the accelerations were of a higher magnitude than the z-direction which
suggests that despite the attempt to hold the sensor still, the sensor moved in the xdirection. To mitigate this, the experiments using a rail were introduced.
The velocity of the sensor can be obtained by integrating the acceleration data.
Finding the acceleration data from a timeseries of velocity data is traditionally simpler
as you divide the velocity by the time elapsed and that gives the acceleration. To go
from acceleration to velocity, integration is needed. The constant of integration is
known because we start at position 0 and at a velocity of 0 m/s thus the constant of
integration will be zero. However, drift is introduced as a result of the discretization of
the data and noise produced in the integration. For this reason, filtering is necessary to
create a continuous function that can integrated with fewer errors.
Integration of the vector of acceleration data in the y-direction was achieved
using the trapz function in MATLAB. As illustrated in Figure 3.2, this method alone is
insufficient for calculating accurate velocity data. As the sensor began in a stationary
position and ended in a stationary position, the starting velocity should be zero and the
final velocity should also return to zero negative velocity in between since all the
motion was in the backwards direction.
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Figure 3.2: Integrated velocity of the accelerometer for Trial 2.

Similarly, this velocity data was integrated a second time using the same
method to obtain position data. Likewise, the noise of the data in accentuated into
greater error when integrated and the result is even less accurate position data. In the
experiment, the sensors moved 60cm in the negative y-direction, so the expectation for
an accurate graph would show a flat line at 0.6 meters for the last few seconds after the
sensors stopped moving. The resulting graph for the trial is depicted in Figure 3.3
below.
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Figure 3.3: Calculated position data from the sensors for Trial 2.

Clearly the internal drift of the sensor and inherent noise that is added to the
actual signal of the acceleration data is large enough to render the calculated position
data to be inaccurate. The data shows approximately 50 meters of motion when the
sensors only moved 0.6 meters. The conclusion from this experiment is there are too
many unknown factors and variables affecting the results and these need to be improved
upon and remedied.
Adding cameras would allow for the comparison of the calculated position data
versus the actual position data at various moments in time of the trial. This will allow
greater accuracy in knowledge of the position of the sensor at any given moment in
time and can be compared to the calculated position of the sensor. Furthermore, pushing
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and then dragging along the ruler allow for a smoother acceleration and less motion in
unwanted directions and less noise in the sensors.

3.1.2 Time Synchronization with LED
With the addition of cameras, there is now instrumentation that was not
recorded with the same time series of the accelerometers. To accurately compare the
data, it was necessary to time synchronize the sets of data so the data from the
accelerometers and the data recorded by the camera matched up. As discussed in the
previous chapter, a blinking LED light and Xsens DOT sensor attached to the solenoid
accomplished this task. This problem of time synchronization was similar to the
problem for Chris O’Day where he needed to synchronize the time from the DAQ and
the WASS data. [21] As discussed in his Master’s thesis, Chris created a MATLAB
script that would detect the LED in the video image of each camera and generate a
vector of values depending on the color of the LED which ultimately depicts a square
wave clearly showing the time when the LED turns on versus off. [21] Starting with
this script, only slight modifications were needed to synchronize the Xsens DOT
acceleration data to the timestamp of the camera. First, a script was made that takes the
noisy data of the z-acceleration of the Xsens DOT moving with the solenoid and
converts the data into a clean square wave where 1 is on and 0 is off. See Figure 3.4
below. The negative acceleration corresponds to motion downwards of the
accelerometer in the solenoid. The solenoid goes down when the LED turns on and the
solenoid moves the DOT sensor back up when the LED turns off. This timeseries of
data of zeros and ones is stored as a MATLAB vector to be compared to the vector of
the camera.
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Figure 3.4: The top graph shows the data extracted from the accelerometer attached to the solenoid. The graph on
the bottom is the time data plotted against a vector defined with 1 as the time after a large negative acceleration
and 0 comes after the positive acceleration.
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More complicated, the timeseries of the camera was adjusted in the same
manner as above however instead of a nice square wave output signal from the
recording of the experiment, the camera produced a video of the light flashing. Thus, a
script was written that analyzed each frame and determined based on the color of the
light. This script cropped the video frame to analyze only the red light, and in each
frame took the average color of every pixel. With this average color as a number, a
vector was plotted that clearly shows whether the light was on or off. The figure below
shows the accelerometer output compared to the LED brightness curve after the
timeseries have been time synchronized.

Figure 3.5: The graph shows the time synchronized timeseries of the output of the accelerometer on the solenoid
in red compared to the brightness levels of the LED in blue.

From here, the up crossings and down crossings were identified to compare to
the square wave representing the solenoid. The mean time difference was identified
and subtracted to create one time vector for all the data. Comparing the acceleration
data of the Xsens sensors to the position data from the camera and the string pot and
QualisysTM becomes a more manageable task with this time synchronization.
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Figure 3.6: Unsynchronized Square Waves of LED signal and Solenoid Signal.

Figure 3.7: Synchronized Square Waves of LED Signal and Solenoid Signal.
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3.1.3 Camera Trials
The next task was to extract the position of the Xsens sensor along the ruler
from the images the camera captured. With extensive study into image recognition and
computer science, this might have been possible to do through computer computations.
This was outside the scope of this Master’s thesis and thus little time was spent figuring
out how to get the computer to accomplish this task. For the first set of camera trials, a
simpler more time-intensive method was used. For trial 13 of the camera trials, a for
loop was created which cycled through and displayed each image individually and the
position of the sharpie number of the sensor along the ruler was recorded in an excel
spreadsheet. This vector of data was loaded into MATLAB and combined with a time
vector of the camera, derived from the frame rate.

Figure 3.8: Calculated position data of the DOT sensors compared to the observed position data of the camera.

The figure above, Figure 3.8 show the position data of the camera and compares
to the computed position data of the acceleration, computed as previously by
integrating the acceleration data twice. The velocity data from the camera images was
calculated by dividing the position vector by time. Each value was subtracted from the
next value, and this was divided by the time between frames. The result is a vector of
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the instantaneous velocity. This process was repeated using the velocity vector to obtain
acceleration data.

Figure 3.9: Acceleration Data of the Camera and Xsens sensors.

Figure 3.10: Shortened timeseries of the acceleration data to view differences closely.

Figure 3.10 shows a close-up view of the graph of the acceleration timeseries.
Before motion begins, both the data from the sensors and the derived acceleration from
the camera illustrate a relatively flat line at 0 m/s2. This is consistent with the
expectations for an object not in motion. Once motion begins, fluctuations in the
acceleration are depicted. As the sensor is pushed along, the speed at which it is pushed
increases and decreases with the imperfection of attempting to push the sensors at a
constant speed. The dark blue line with the least number of fluctuations is the data
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derived from the camera. The remaining lines are the data directly from the Xsens
sensors that were pushed along the floor. The general trend seems to follow the
acceleration of the camera however it is apparent that there is a lot of noise in the
sensors. This noise is accentuated when attempting to integrate to velocity and position
data.
On the other hand, Figure 3.8 shows the position data integrated from the Xsens
sensors compared to the position from the camera. This graph illustrates a greater
variation between the more accurate camera data compared to the position calculated
from the sensor acceleration. Inherent drift and an upwards trend are visible from a
point in time before the sensors start moving. Fluctuations in the smooth line occur
after the sensors begin moving which is representative of the true signal of the motion,
however this is still clouded by the trend and drift that presents itself because of noisy
sensor data. A proposed solution was to run a set of trials with fewer unknown variables
by enacting more control over the movement of the sensors. This is where the next
experiments included pulling the sensors along a carpenters square for more precise
and uniform movements of the sensors and easier tracking for the camera.

3.1.4 Tracking DOTs with the Camera
As mentioned above, an attempt was made to use computer science tools and
techniques to extract the position data from each frame automatically. However,
extensive study into image recognition and computer science would be needed to make
this work. This was outside the scope of this Master’s thesis and thus not much time
was spent figuring out how to get the computer to accomplish this task. The short
attempt did allow for programming the script to analyze the camera image in each frame
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to recognize the bright orange color of the DOT and replace these numbered pixels with
a bright blue color.

Figure 3.11: Computer recognition (cyan) of the orange pixels in the frame.

As Figure 3.11 above illustrates, the computer picked up on brownish colors of
the floor that were not the orange of the sensors, which was a problem. Instead, it was
elected to move forward with the next set of experiments which used a rail and the
string pot which would be more accurate position data and fewer uncontrolled variables
and easier to extract the data for analysis. With more time, it might have been possible
to see some results for these trials with the high-speed camera, but at the time there was
little reason to believe the sensors would integrate any more accurately than they did
for the tabletop trial 13. Ultimately, the data from these trials were not analyzed as
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creating a vector of position data over time from the camera images proved to be an
advanced video data analysis project beyond the scope of this research.

3.2 Systematic Experiments with the String Pot and QualisysTM
After discovering how well the sensors work and what they are capable of, the
more robust and systematic experiments with QualisysTM and the String Pot were
employed for more accurate data with fewer unknowns and greater control over the
experiment. This section will discuss the method of time synchronization of the data
and then how the sensors were integrated to obtain position data.

3.2.1 Solenoid and Accelerometer Synchronization
For the trials with the string pot and Qualisys, the MATLAB script was less
complicated. The DAQ output a square wave directly from the pulse being generated
and this vector had clean enough data to be able to directly compare to the synthetic
square wave representing the solenoid changes over time. Below, we have plots of the
output of the DAQ of the blinking LED light square wave compared to the plot of the
synthetic square wave created from the acceleration data. The DAQ always begins at
time 0 seconds and counts upwards as the recording begins. The Xsens DOT
accelerometers have an internal clock system in which, once the time synchronization
option is toggled on, each DOT reads the same output time. For these sensors, the
internal clock begins counting from zero as soon as the device is powered on [9]. The
timestamp output is 1MHz and it counts in ticks up to 232-1 and then wraps around back
to zero [9]. To initialize each trial recording to start at a time t=0, the data is pulled into
MATLAB, the first value of the time is subtracted from each value in the time vector
to have the new first value be 0 microseconds. These values are recorded in

56

microseconds and are divided accordingly to have the output be seconds for ease of
comparison. Since the five accelerometers all have separate but equal time vectors, and
the blinking LED light and string pot with the DAQ started recording before the Xsens
app began recording for every trial, it was best to move the timestamp of the string pot
to match that of the DOT. This was accomplished by subtracting the time difference
between the square waves from the time of the string pot. To find the time needed to
synchronize the square waves, the time of each up crossing and down crossing of the
square waves were determined. Then the time of the string pot up crossing was
subtracted from the DOT time of up crossing for each up crossing and down crossing
recorded by both sensors. The resulting time difference was averaged to obtain the best
approximation of the time difference to account for variability such as if the moment
in time of the pulse was not the exact moment recorded by the devices or possible
inconsistencies in the rate of second counting for the recording devices. Thus, taking
the average difference across all recording time is best. This time difference is then
subtracted from the string pot time values to achieve a time vector that start at a negative
value but is synchronized to the time vector of the Xsens DOT accelerometers.
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Figure 3.12: Example of the time synchronization between the Xsens sensors and the LED DAQ data.
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3.2.2 Analyzing the String Pot Data
The data from the string potentiometer comes in as a voltage reading which
needs to be converted to meters travelled. Static trials were run where the string pot
was pulled out to 1 meter and the voltage was measured and at various increments down
to 0 meters. The results conclude a linear relationship between voltage and meters
where the meters traveled is equivalent to 0.1056 multiplied by the voltage plus a
constant of 0.51218. Using this relationship, the string pot data is converted to meters
and can depict the position of the sensors along the rail over time where 0 meters is at
the resting position by the string pot. The accompanying time vector is rewritten to
match the time of the DOT sensors as described in the time synchronization section.
Initially, the string pot velocity and acceleration were calculated by taking the
difference between two adjacent data points and dividing by the time between the
points for the entire vector of position data. A with the preliminary experiments, this
yielded noisy results that generally captured the trend but could be significantly
improved still. Figure 3.13, Figure 3.14, and Figure 3.15 show the position data,
velocity data and acceleration data of the string pot, respectively. The position curve
shows a nice rendering of the motion up to the 1-meter point the sensor stopped at. The
derived velocity data is noisy, but a general trend is apparent. The acceleration curve
shows no discernable data and the acceleration curve from the DOT is better in this
instance. Improvements were made by filtering and smoothing the initial data before
integrating and taking the derivatives.

59

Figure 3.13: Position data from the string pot.

Figure 3.14: Calculated velocity from the Xsens sensors compared to the calculated velocity from the String Pot.
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Figure 3.15: Xsens acceleration data compared to the calculated String Pot acceleration data.

Figure 3.16: Acceleration Data from the Xsens DOT.
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The string pot is recording continuous motion into a discrete time signal and
taking the derivative of a discrete signal is often noisy and inaccurate. One possible
solution to mitigate these inaccuracies is to turn the discrete data into a polynomial
which has a simple derivative. This method was implemented for the Trials on 10/19/21
which pushed the sensors at a mostly constant speed up to 1 meter. Using the polyfit
function within MATLAB, the best fit line over a window of 101 data points was
calculated for each data point in the position vector.

Figure 3.17: Example of a window of 101 data points to use to best fit a polynomial curve to for calculating the
derivation.

The window included the data point in question and the next 50 data points and
previous 50 data points to compute the best slope through the data point in question.
Using a polynomial of order 2, meaning the best fit curve through the 101 points takes
the shape of a parabolic line, and integrates the 2nd order polynomial using
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mathematical derivatives of the 2nd order polynomial equation, a more accurate velocity
and acceleration curve are obtained. Figure 3.19 illustrate these results.

Figure 3.18: Calculated Velocity from the string pot position data.

To verify the accuracy of this computed data, it was integrated back into
velocity data and again into position data. The order of 2 and a window of 101 points
resulted in accurate acceleration data. This method of determining the acceleration data
could also be used for the Qualisys data.
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Figure 3.19: Derived velocity and acceleration from the string pot position signal.

Figure 3.20: String Pot data versus the integrated velocity and acceleration of the string pot.

3.2.3 Analyzing QualisysTM Data
The data collected using QualisysTM can be stored as a MATLAB file to be
easily loaded into MATLAB. With QualisysTM, the data of each defined rigid body, as
defined in Chapter 1, is stored in a structure with all pertinent information accessible.

64

For the experiments, a rigid body was defined combining the four reflective markers a
top the Xsens sensors. This satisfied the conditions for a rigid body as each marker was
fixed with respect to the others; the entire rail car would slide and all the reflectors and
Xsens accelerometers would move together. The stored structure contains information
of the frame rate, total number of frames, and the position data in the QualisysTM
coordinate system representing the x-value, y-value, and z-value for each frame. The
L-frame and QualisysTM was set-up such that the direction of motion of the
accelerometers was in the positive x-direction.
A vector of time can be created using the total number of frames and the frame
rate of QualisysTM resulting in a time vector in seconds. The motion data can be
extracted by taking the x-position coordinate of the rigid body in each frame and
subtracting the initial x-position, which represents the ‘zero’ mark on the rail where the
sensors were sitting at rest before being pushed. The resulting vector represents the
position data in meters. Then a graph of position over time can be made. The resulting
graph precisely matches the data obtained from the string pot which confirms the only
motion was in the x-direction and confirms the string pot data to be an accurate
representation of how the Xsens sensors move. Thus, the goal is to get the Xsens data
to calculate a position for the sensor that matches the data from both QualisysTM and
the String Pot. Like the String Pot, QualisysTM also has its own recording system and
its own time associated with the trial. Thus, to compare the position over time, it is
necessary to synchronize the time for QualisysTM to the time of the Xsens DOTs. The
easiest was to find the point in time where the position data first became nonzero and
adjust the time vector of QualisysTM so these points in time occur at the same second.
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The red and black x’s on the figure below represent these points in time for QualisysTM
and the String Pot, respectively. This graph also shows how the integrated position data
from the velocity curve (red) or acceleration curve (yellow) we created from the string
pot also closely follows the line of the string pot position curve (purple). Thus, we need
a method to filter the Xsens DOT acceleration data to show the signal of the motion to
match the string pot acceleration curve.

Figure 3.21: Comparison of the position data from Qualisys and the String Pot.

3.2.4 Filtering of the Acceleration Data
The set-up with the rail ensured that motion would solely be in the sensor’s
positive x-direction. Since the sensor was fixed to the rail, there would be no gyroscopic
motion, nor would there be motion in the y- or z-direction relative to any other sensor.
Simply, each sensor would be recording the exact same motions. Therefore, only the
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motion in the positive x-direction needs to be analyzed. As with previously, the data is
pulled in from the accelerometers and loaded into MATLAB as vectors of data with an
accompanying time vector. This can be dealt with like before however more attempts
will be made to filter the noisy initial data in a way that also preserves the true signal
of the trial.
The first attempt tried removing the trend from the initial acceleration data and
evaluated how this affected the resulting position data. Using the entire forty seconds
of data, a linear trend line was fit to the data and this trend was subtracted from each of
the points to remove the average linear trend from the acceleration data. Since the
beginning of the timeseries has zero acceleration and no motion and the end of the
timeseries also has no motion, and the acceleration increases and then decreases back
to zero during the middle of the trial, the expected trend is zero. If there exists a nonzero
trend line, this trend is likely to be the drift in the sensors that builds over time. This
would need to be removed to examine the actual acceleration of the sensors. The linear
trend is also removed from the resulting velocity timeseries before integrating to the
position data. This is done for consistency and to be sure the trend is completely
removed in the event the drift is nonlinear.
In general, the typical noise in any measuring instrument most often presents in
the form of gaussian white noise. This means the noise has a normal distribution on
either side of the actual acceleration signal and this inherent noise of the sensors will
be enlarged during integration further confusing between the signal and the actual
velocity or motion. Conveniently, MATLAB has built-in internal functions that will
filter a set of data given a known type of distribution for the noise of the data. After
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assuming the data has a normal distribution of noise. Through trial and error, the best
type of distribution was found to be the gaussian distribution. The error in the data due
to noise appeared to be normally distributed. The closest matching velocity and position
data to the corresponding string pot curves was created when using the gaussian type
smoothing with a window of 100 data points. A window of 100 points was determined
to be the best after trying variations down to 1 point up to 250 in increments of 50.
Using one point was very noisy and hardly smoothed the data while 250 points rendered
the data a flat line filtering out all of the actual signal of the motion of the sensor.

3.2.5 Kalman Filtering
Another attempt to obtain accurate position data involved using Kalman
filtering. Kalman filtering, as discussed in Chapter 1, is a filtering method to decrease
the noise from the data. A Kalman filter was applied to the average acceleration data
over the four sensors attached to the rail. The figure below shows the averaged
acceleration data in blue, where for each point in time, an average data point comprised
of the average value of the four sensor data values for that moment in time. Even with
taking the average data value of the output data, the resulting acceleration timeseries is
quite noisy, but slightly better. The green line in Figure 3.22 shows the string
potentiometer acceleration, which as discussed in section 3.2.2 accurately portrays the
true acceleration signal of the experiment. The red line represents the Kalman filtered
data. This curve illustrates that the noisy acceleration signal can be filtered into a more
accurate depiction of what is going on. The Kalman filtered data roughly matches the
data of the string pot so the next step is to integrate and examine how well the velocity
matches the string pot velocity.
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Figure 3.22: Plot of the acceleration data showing the data from the DOT in blue, the Kalman filtered data in red,
and the string pot calculation in green.
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Figure 3.23: Velocity of the average of the DOTs compared with the red line of the string pot velocity.

This figure shows the velocity derived from the string potentiometer in red and
the blue line depict the average of each of the four accelerometers that was Kalan
filtered and integrated into velocity. As shown, the beginning 5 seconds of no motion
is apparent in the string pot data however the accelerometers show a downward sloped
line indicated a nonzero velocity. This is an example of the inherent noise and drift of
the accelerometer and how it affects the calculation of the velocity and position results.
This result suggests that while Kalman filtering improves the outcome slightly, there
still exists errors and the velocity data is not accurate. On a positive note, the signal has
a similar shape, and the peaks exist at approximately the same intensity and similar
points in time suggesting the true signal of the motion is contained within the noisy
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data and could potentially be extracted with the right filtration. The next attempt was
to also remove the average linear trend lines from the data.

Figure 3.24: Calculated Velocity from the DOT in which the average trend line of the velocity was removed.

For this data, the average linear trend was removed from the acceleration data
as discussed above. Likewise, the average linear trend of the velocity data was removed
from the data using the same method. The blue curve in figure 3.2.2 is the average of
data of all four accelerometers that has been Kalman filtered and then integrated into
velocity data. The resulting velocity curve did not resemble the velocity of the string
pot data. At this point, it is apparent that Kalman filtering will not be the solution that
solves the problem of noise and drift in the sensors. Upon reaching out to the Xsens
company on how they can use the sensors to create virtual avatars of human motion,

71

we learned the sensors already have an integrated Kalman filter to filter the sensed data.
[9] Therefore, this idea was discarded, and other methods of filtering was employed.

3.2.6 Combining Filtering Techniques
The next steps were to use different combinations of these filtering techniques
to find a method that would work the best. So far, gaussian smoothing and averaging
the DOT acceleration data have been able to slightly improve the signal. Combining
these techniques could be the solution to see if this acceleration data could be integrated
into velocity and position data that were just as accurate as the string pot data. Different
filtering technique combinations were implemented to create accurate position data.
With the initial acceleration data, the data was averaged and then gaussian smoothed
followed by integration into velocity data. This is “smthavgv” below in the graph. An
additional step found the average linear trend of the velocity and subtracted that out.
This is “smthavgvtr’ in the graph below. The alternative was to consider the
acceleration data in which the trend had been removed. With this data set, the data of
the 4 sensors was again averaged together and then gaussian smoothed and integrated
into velocity. This is “smthavgvel” and another set was created where the linear trend
was removed from the velocity “smthavgveltr.” Over a long period of time, the red
and purple curves in Figure 3.25 showing the data where the acceleration was filtered
to exclude the average trend of the acceleration, these lines roughly adhere to the string
pot velocity. The curve at the begining where the velocity should be zero suggest that
perhaps filtering the trend out the acceleration is not the answer. On the other hand, the
blue line shows the velocity with the trend removed in which the trend was not removed
from the original acceleration signal. This line closely follows the black line of the
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string pot velocity for the first ten seconds before deviating too far to be considered
accurate. The blue line seemed to be most accurate, so the next step was to examine the
resulting position data of these velocity curves.

Figure 3.25: Velocity of the DOTs using the various filtering methods.

For each of the velocity curves, the data was integrated into position data. Thus
“smthavgptr” represents the integrated trend removed velocity data integrated from the
gaussian smoothed average of the initial acceleration data. The curve “smthavgpostr”
represents the integrated trend removed velocity data integrated from the gaussian
smoothed average of the trend removed acceleration data. Likewise, “smthavgpos” is
the integrated velocity data of the integrated gaussian smoothed average of the trend
removed acceleration data. Finally, “smthavgp” represents the integrated velocity of
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the integrated gaussian smoothed average of the initial acceleration data. As expected,
the “smthavgptr” curve, integrated from the best fit velocity line, “smthavgvtr,” as
shown in Figure 3.26 resulted in the best fit to the position curve of the string pot
represented by the black line.

Figure 3.26: Position of the DOTs after applying the various filtering techniques discussed. The black line
represents the accurate string pot data.
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Figure 3.27: Error Analysis graph showing the percentage of error that the computed position from the DOT has
with respect to the string pot data.

The result of the error analysis comparing the position of the string pot to the
position of the best fit calculated line illustrates that the correlation might be largely
coincidental. The large spikes occur before the motion of the sensors as any variation
between the curves when the true value is near zero will have a large percentage of
error. As the sensors begin to move, there is a steady line between 10% and 20% error
before the position data has an upward drift due to the noise of the sensor and the
position data error increases at a sharp rate. While this filtering technique is a vast
improvement over the initial data output from the sensors, there is still room for
improvement. The next ideas for filtration look at filtering in the frequency domain in
parallel with these filtering techniques.
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3.2.7 Filtering in the Frequency Domain
The last attempt was to examine filtering in the frequency domain. Filtering in
the frequency domain was successful for the sinusoidal motions as will be discussed in
Chapter 4, so analyzing the horizontal straight motion in the frequency domain seemed
promising. For the acceleration data, first the trend was removed as before. Preserving
a data set of both the acceleration with the trend removed and the raw acceleration data,
the data was Fourier transformed into its corresponding frequency values. Once in the
frequency domain, both high pass and low pass filters were considered. The high pass
filter would filter out the very low frequencies which correspond with the long waves
and the drift of the accelerometer could be represented in these frequencies. The low
pass filter would filter out the high frequencies which would be the noise of the data
creating many small peaks around the actual signal. Together, a combined high pass
and low pass filter results in a band pass filter where a band of certain frequencies
passes through the filter and are preserved to be converted back into the time domain.
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Figure 3.28: Frequency Domain for the acceleration data from Trial 1 of the sensors moving along the rail.

In MATLAB, the frequencies of the data ranged from 0 Hz up past 50 Hz. The
signal peaked around 3 Hz which represents waves and motions of a period of 1/3 a
second. Anything shorter than about 1/5 of a second starts to be more representative of
noise than of the variations in the acceleration as the sensors move. Therefore, the low
pass filter was set to 5 Hz. The high pass filter was initially set to a frequency of 0.5,
however, the resulting data indicated that this did not improve the accuracy of the
position data. Thus, the best solution was to rely solely on the low pass filter to decrease
the noise. The high pass filter in this case filtered too many of the long waves that
represented the straight motion of the sensors. The remaining frequency domain after
filtering is shown in the figure below.
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Figure 3.29: Frequency domain after applying a low pass filter.

The figure below shows the results of filtering the raw acceleration data in the
frequency domain. The linear trend of this data was not removed and clearly there is a
consistent offset between the actual data and the expected values. The red curve
represents the acceleration of the string pot, and the blue curve is the acceleration data
from the accelerometers. The decrease at the end is the result of adding points to the
end of the timeseries to get a total number of points equal to 2n for some natural number,
n, which is necessary for the Fourier Transform. The added points were all zero and
ideally would represent no motion at the end of the timeseries. The number, n, was
defined to be the next power of 2 after the total number of data points recorded. By
itself, the frequency filtered data is only a slight improvement over the raw acceleration
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curve and does not match the red string pot acceleration data, so more filtering
techniques need to be applied.

Figure 3.30: Filtered acceleration data in the time domain compared to the string pot acceleration in red.

The next method tried combining different variations of filtering to get the best
fit for the calculated position data. With these experiments, the acceleration had the
trend removed and preserved a timeseries where this time was not removed. To
decrease the input of the noise, the four data series of the accelerometers were averaged
together to obtain data that is less noisy. After the data from the sensors is averaged
together, the data is smoothed using a gaussian type data smoothing function with a
window of 101 points, as discussed in section 3.2.2. After this point, the data is filtered
in the frequency domain and the figure below shows the resulting acceleration
compared to the acceleration of the string pot in red.
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Figure 3.31: Acceleration filtered and gaussian smoothed compared to the true acceleration as calculated from
the string pot.

Filtering the data in the frequency domain after applying gaussian smoothing
resulted in a timeseries of acceleration data that closely matched the data of the string
pot. Filtering in the frequency domain in addition to the averaging and smoothing of
before shows promising results. The frequency filtering is added to all four filtering
methods of section 3.2.6 to determine the best method for filtering. The results are
depicted in Figure 3.32 below.
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Figure 3.32: Comparison of Acceleration data using different frequency filtering methods.

Frequency filtering the acceleration by itself did not change much. The blue X’s
which appear as a thick line illustrate the average acceleration of the sensors which has
also been gaussian smoothed. This was the set of filtered acceleration data that resulted
in the most accurate position data in section 3.2.6. The red line represents one of the
sensors acceleration outputs that has only been filtered in the frequency domain using
the filtering technique discussed in section 3.2.7. The yellow curve represents the
acceleration data that consists of gaussian smoothed averaged raw acceleration data
with the addition that it was frequency filtered after this. The purple curve represents
acceleration filtered in the frequency domain and then averaged and gaussian
smoothed. For the acceleration, the important factor seems to be gaussian smoothing
after averaging the acceleration. Frequency filtering the data, no matter the order, has
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little effect on improving the resulting acceleration curve. In all three cases, the
resulting curves still fail to match the acceleration of the string pot precisely, but the
general trend is present and is significantly improved over the raw acceleration data.
The next steps in the process were to convert this acceleration data into velocity
data. For each of the acceleration timeseries, the data was integrated using the trapz
function in MATLAB to obtain a velocity timeseries.

Figure 3.33: Comparison of the velocities from the DOT sensors compared to the string pot velocity. The yellow
line is directly on top of the blue line.

The figure above shows the velocity curves of the acceleration examined above.
At this point, the data that had no filtering in the frequency domain still aligns closely
with the set of data which contained frequency filtering after applying the gaussian
smoothing and averaging of the acceleration data. The order is shown to be significant
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as a deviation is shown in the purple line which represents the series where the filtering
in the frequency domain was applied first. The optimal order for the filtering is
averaging the sensors, gaussian smoothing the averaged data, followed by filtering in
the frequency domain and then integrating into velocity data. The resulting position
curves are illustrated in the figure below.
For the timeseries that was smoothed and averaged and then frequency filtered,
after integration to velocity data, this data was then filtered in the frequency domain
once again and converted back into time domain data. Following this, the average linear
trend of the velocity was removed, and the data was integrated into position data. This
resulted in the curve “Frequency Filtered Average.” For the acceleration data that was
filtered in the frequency domain before being averaged and smoothed, the integrated
data was then filtered in the frequency domain once again and then the average linear
trend of this velocity data was removed, and it was integrated into position data. This
data represents the curve “Average Frequency Filtered.” The data that was only filtered
in the frequency domain for the acceleration continued this trend and the resulting
velocity data was filtered in the frequency domain, converted back into the time
domain, and then integrated into position data. The “Not Freq Filtered” curve was the
gaussian smoothed averaged raw acceleration data integrated into velocity which then
had the linear trend removed and was then integrated into the position data. This curve
is shown in the pale blue that closely follows the yellow curve. Both curves mimic the
bright blue string pot position curve for the first ten seconds of the experiment before
the accumulated drift causes a runaway climb in the slope of the position data. Based
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on the curve, it appears that filtering in the frequency domain increases the accuracy of
the position data.

Figure 3.34: Position data calculated from the acceleration using different filtering techniques for comparison.

3.2.8 Error Analysis
To compare the accuracy of the calculated position data to the data of the string
pot and QualisysTM, various types of error analysis were utilized. The regression
analysis plot compared the accuracy of the position at the same moments in time. The
x-axis is the string pot position data. The y-axis is the calculated position from the
acceleration data of the Xsens sensors. When the calculated position perfectly matches
the string pot position, the data point will fall on the line y=x, as represented by the
blue line. When the calculated position is an underestimation of the true position for
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the same point in time, the curve will appear beneath the blue y=x line on the graph.
Overestimations will display above this blue line.

Figure 3.35: Regression analysis plot showing the best calculated position curves versus the string pot position
data.

The figure above illustrates the position calculated from the Xsens sensors
plotted against the string pot data for the frequency filtered data and the best filtered
data that did not include any filtering in the frequency domain. These yellow and red
curves follow the y=x line quite well up to about 0.4 meters where they begin to
diverge. This indicates that for the first 0.4 meters of motion, the position data derived
from the acceleration is accurately representing the actual motion of the sensors.
Another error analysis plot examined the error percentage over time of the
calculated position data. To get the percentage of error for any given data points,
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assuming the string pot data is the true correct value, the percentage error formula is
applied. 𝐸𝑟𝑟𝑜𝑟 % = 100 ∗

(𝑐𝑜𝑚𝑝𝑢𝑡𝑒𝑑−𝑡𝑟𝑢𝑒)
𝑡𝑟𝑢𝑒

, where true is the string pot measured data

in this case and computed is the calculated position data from the filtered acceleration
data output of the Xsens accelerometers. These values can be calculated for each data
point in time and thus can give a timeseries of how the percent error changes over time.
Essentially giving the point in time after which the calculated position is no longer a
good estimate of the actual position of the sensors.
Figure 3.36 below illustrates the percentage of error for Trial 2. The sensors
began motion just after 7 seconds. Before this time, the percent error is expected to be
high because when the true value is close to zero, and the difference is not zero, no
matter how small, the error can show up as a very high percentage. Once motion
begins, there is about four seconds in which the percentage of error is within 10
percent. After approximately 5 seconds, the percentage of error exceeds 20 percent
and continues to diverge. From this we can conclude that the frequency filtered
average data is the best option for filtering the acceleration data. Overall, the
accelerometers can provide accurate position data for approximately 4 seconds or 0.4
meters after its last known position and velocity. Now that this works for one trial, the
same techniques will be applied to the remaining nine trials to test this method.
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Figure 3.36: Percentage error over time for the position data resulting from smoothing and averaging the
acceleration data and then filtering in the frequency domain.

3.2.9 Quantification of Accuracy of Filtering Techniques
After the successful implementation of these techniques for Trial 2 of the
QualisysTM and string pot trials on 10/19/21, the next steps were to compare how well
these techniques could be successfully implemented for the remaining 9 trials of data.
Furthermore, an analysis of how well and how likely it is that these techniques will be
the solution will be discussed in this section.
The trials on 10/19/21 all featured the sensors moving straight for
approximately 20 seconds along the length of the 1-meter rail. The following figures
show the results of the best filtering method for each individual case.
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Figure 3.37: Error analysis for Trial 3, from the position data resulting from smoothing and averaging the
acceleration data and then filtering in the frequency domain.

Figure 3.38: Error analysis for Trial 1.
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Figure 3.39: Error analysis for Trial 4.

Figure 3.40: Error analysis for Trial 5.
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Figure 3.41: Error analysis for Trial 6.

Figure 3.42: Error analysis for Trial 7.

90

Figure 3.43: Error analysis for Trial 8.

Figure 3.44: Error analysis for Trial 9.
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Figure 3.45: Error Analysis for Trial 10 using the position data resulting from smoothing and averaging the
acceleration data and then filtering in the frequency domain and had the trend removed in the velocity timeseries.

These graphs show that the method is applicable and has similar results for all
the trials of pushing the accelerometers across the rail. As depicted in the figures above,
before any motion occurs, there is a high percentage of error resulting from small
deviations from zero. As motion begins, eight out of ten of the trails depict a timeseries
that is within 10% accuracy for 2 to 5 seconds of motion. Two of the trials have accurate
data for only 2 seconds, the remaining six trials have accurate data for 4-5 seconds. The
other two out of ten trials did not see position data within the 10% accuracy line, though
trial 10 was within 20% and trial 1 seems to be an outlier when compared to the rest of
the trials. In conclusion, the Xsens DOT accelerometers may be able to compute the
position data of an object moving in a straight 1-dimensional pattern for the first 4
seconds of motion.
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Chapter 4 Data Analysis and Results of the Sinusoidal Trials
This section will cover the data analysis methods and results of the sinusoidal
motion trials. There were two sets of these trials, a set on the table with slow sinusoidal
motion and set on the tabletop with faster waves. This section will detail the methods
of filtering and analyzing the acceleration data and finally discuss the accuracy of the
second set of trials which produced viable results.

4.1 Slow Wave Trials
The first set of trials, as described in section 2.4 included 10 trials of sliding the
Xsens DOTs back and forth along the ruler the for the 1-meter length of the ruler with
a period of about 1 second for each “wave.” The motion was in the x-direction of the
sensor reference frame so the acceleration in x-direction was examined and plotted
against time. Similar to previous experiments, the acceleration data output of the
sensors has a noisy signal that follows the general trend that is expected for the motion.
The output of the Xsens DOT accelerometer number 1 for Trial 1 is depicted in Figure
4.1.1 below. This trial had 16 waves of motion over the 100 seconds for motion, thus
for the acceleration, 16 peaks should exist. Examining slight increases and decreases
in the average value at any given time seems to roughly yield a time series of small,
long waves. However, the noise is prevalent and prevents the true signal from being
seen and prevents the data to be filtered into the true signal.
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Figure 4.1: Plot of the x-acceleration of the Xsens accelerometer for Trial 1.

The figure below illustrates the attempt to smooth the data using the smooth
function in MATLAB. The result is a slightly smoother but very noisy curve showing
many waves of higher frequency than the expected 16 long waves. The conclusion was
the long waves are too shallow to be distinguishable from the noise variation of the
data and shorter, more intense waves need to be created to obtain useful data from the
accelerometers. Thus, the next ten trials as described in section 2.4 were implemented
to get better results.
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Figure 4.2: Plot of the smoothed acceleration for Trial 1.

4.2 Second Set of Sinewave Trials
The next set of experiments had faster ‘wave motions.’ The data for the trial
was loaded into MATLAB. The acceleration in the direction of motion was analyzed
and the figure below shows the acceleration over time for Trial 1 of the experiment.
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Figure 4.3: Acceleration data from Xsens DOT sensor for 10 seconds of time over the 100 second timeseries.

4.2.1 FFT
One method for filtering data is filtering in the frequency domain. Using a Fast
Fourier Transformation (FFT), data can be converted from the time domain into the
frequency domain. The FFT in MATLAB produces the best results when the number
of data points is 2n for some natural number n. Conveniently, there is a function in
MATLAB to extend the length of the data to the next 2n data points and any additional
time data points had a corresponding fake acceleration value of zero. This was chosen
to represent no motion after the sensor had stopped, any additional recording time
would have been the DOT sensor stationary in place. The acceleration data was
smoothed with the smooth function in MATLAB. The results of this for trial 1 are
depicted in the figure below.
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Figure 4.4: Plot of acceleration data smoothed in MATLAB.

The next was to use the FFT and filtering in the frequency domain to obtain a
timeseries of position data. To familiarize ourselves with the ability of MATLAB to
conduct this frequency filtering, we began with the time series of the DOTs and a
function s=10*sin(2*pi*t) to represent the acceleration data. Using FFT, this was
converted into the Frequency Domain and Figure 4.5 below shows the result.

97

Figure 4.5: Plot of Frequency Domain of sine curve, with amplitude of 10 and a frequency of 1 Hz.

Theoretically, for any sinusoidal motion, the curve can be written as a sine or
cosine wave with the following form in Equation 2, such that ci is the amplitude of the
wave and wi is the frequency, t is time, and φ is the phase shift of the wave.
Equation 2: 𝑎𝑐𝑐 = ∑𝑛𝑖=0 𝑐𝑖 ∗ cos (2𝜋𝑤𝑖 ∗ 𝑡 + 𝜑)
The above equation is a simplified version which contains a phase shift in place of the
addition of a sine wave curve and cosine wave curve. That equation is as follows:
Equation 3: 𝑎𝑐𝑐 = ∑𝑛𝑖=0 𝐴𝑖 ∗ cos (2𝜋𝑤𝑖 ∗ 𝑡) + 𝐵𝑖 ∗ sin (2𝜋𝑤𝑖 ∗ 𝑡)
𝐵

Where 𝑐𝑖 = √𝐴𝑖 2 + 𝐵𝑖 2 and 𝜑 = tan−1 𝐴𝑖
𝑖

𝐴𝑖 and 𝐵𝑖 are the real and imaginary components of the amplitude which result from
the FFT of the time domain data. From Equation 2, which is a continuous function, the
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velocity data and position data can be obtained through integration. Equation 3 and 4
illustrate the general form of these integrations where the variables represent the same
values as in Equation 2.
𝑐𝑖

Equation 3: 𝑣𝑒𝑙 = 2𝜋𝑤𝑖 sin (2𝜋𝑤𝑖 ∗ 𝑡 + 𝜑)
𝑐𝑖

Equation 4: 𝑝𝑜𝑠 = 4𝜋2𝑤 2 cos (2𝜋𝑤𝑖 ∗ 𝑡 + 𝜑)
𝑖

The amplitude of the position frequency domain can be found by dividing each
𝑐𝑖 value by the corresponding 𝑤𝑖 ∗ 4𝜋 2 and from there, the frequency domain for the
position data can be created. For the simple sine curve, the result is as pictured in Figure
4.6 below. As expected, the curve has 1 frequency and the only non-zero value in the
frequency domain would be at the frequency of one Hz and the amplitude be 0.25 as
depicted.
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Figure 4.6: Calculated frequency domain for the cosine acceleration curve.

The resulting position data, once converted back into the time domain using the
inverse Fast Fourier Transform, depicts a cosine wave with an amplitude of .25 meters
and a period of about 1 second as the frequency indicates. See Figure 4.7 below.
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Figure 4.7: Position data calculated through integration in the frequency domain and an inverse FFT back to the
time domain.

These graphs show that MATLAB can successfully take a time series of
acceleration data for a perfect wave motion and convert it into a time series of position
data that closely matches what is expected. From here, we will discuss and analyze the
results when applying this technique to the ten trials of acceleration data collected
through the Xsens DOT accelerometers.

4.2.2 Results of Second Set of Sinewave Trials
This section will look at the results of applying the same filtering and FFT
techniques to the Xsens DOT accelerometer output data. The trials consisted of regular
movements simulating a wave. The data from the Xsens DOT sensors depicted this
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regular motion with a 70 second timeseries of wave after wave all approximately the
same amplitude and shape.

Figure 4.8: Acceleration timeseries for Trial 3, DOT 1, unprocessed data from the accelerometer.

As depicted in Figure 4.8 above, the 50 waves of motion are captured in the
data and unlike the previous experiments, the signal stands out and differentiated from
the noise. There are waves of acceleration, but it also apparent that some noise exists
as well. To closely view the noisiness of the data, graphing ten seconds of the trial
between seconds 10 and 20 allowed for the established regular pattern to be observed
in more detail. Figure 4.9 below graphs 10 seconds of the acceleration data in xdirection for Trial 1 using DOT 1. One interesting aspect of this graph is the remarkable
similarity to the acceleration curve for Trial 3. The peaks consistently fall between 10
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to 15 m/s2 and the shape is similar which suggests the method of creating wave data by
moving the DOTs is a regular, fast, pendulum-like motion was consistent and
repeatable between trials. Furthermore, in this view of the timeseries, the noise and
irregularities of the wave pattern is more apparent. Like with previous experiments, the
noise needs to be corrected to integrate the acceleration and obtain an accurate position
timeseries for the motion of the sensors.

Figure 4.9: Ten seconds of the x-direction acceleration data of the DOT for Trial 1 with DOT 1.

The next step was to smooth the data with built-in MATLAB function and the
result is smoother curve that removes much of the high frequency noise. As evidenced
by Figure 4.9 of the entire timeseries, the true signal is preserved, and the waves are
still apparent. However, the amplitude of the smoothed data tends to be between 8 and
10 m/s2 rather than 10 to 15 m/s2. The amplitude is decreased with the process of
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smoothing the data and this is likely to be reflected with a smaller than accurate position
curve. Figure 4.10 shows the timeseries for Trial 1which the amplitude seemed to
decrease by the same amount as for Trial 3. Figure 4.11 is a comparison between the
unfiltered timeseries and the smoothed data which highlights the slight decrease in
amplitude and shows how smoothing eliminates much of the high frequency noise of
the data.

Figure 4.10: Graph of the acceleration data for trial 3 smoothed in MATLAB.
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Figure 4.11: Graph of the acceleration data of Trial 1 after applying a smoothing function. Ten seconds of the
total timeseries are displayed.

Figure 4.12: Graph of Xsens DOT acceleration data from Trial 4 DOT 1 compared to the smoothed timeseries.
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Applying the smooth function decreased some of the high frequency noise and
from here we can use a FFT to convert into the frequency domain. The frequency
domain of the recorded data contains more spikes than the frequency domain of the
cosine curve depicted in Figure 4.5. As expected, peaks occur at the main frequency,
and then 2x the frequency are shorter waves, and smaller and smaller peaks occur at
higher multiples of the main frequency. This is clearly illustrated in Figure 4.13 below.
Trial 3 had more prominent peaks compared to Trial 1 however showed peaks in
discrete steps of frequency increases. The graphs of the frequency domains for the
remaining 9 trials can be found in Appendix A.
After obtaining the frequency domain, the position frequency domain could be
calculated following the method described in section 4.2.1. The graphs of the resulting
frequency domains are shown below.

Figure 4.13: Frequency Domain of smoothed acceleration data from Trial 3 DOT 1.
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Figure 4.14: Frequency domain of position data calculated from acceleration curve frequency domain for Trial 3
DOT 1.

From the frequency domain curves, the next step was to take the inverse FFT
and obtain the position data in the time domain. The graphs below depict the results.
As shown in Figure 4.15, for the entire length of the test, the position data shows a sine
wave as expected of the DOT moving from its initial position up to .5 meters away and
back. The DOTs move a total of 50cm so the position curves should reach 0.25m to 0.25 meters. The true position curve would have an amplitude of 0.25m so the results
suggesting a varying amplitude around 0.25m is not perfect. These errors result from
the low frequency peaks in the position frequency domain. The low frequencies show
up as long waves in the position data. These errors occur because the time series of the
data is not long enough. The collected data only has around 8000 points whereas, the
accurate computation with the created sinewave data in section 4.2.1 had 52000 points
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of data. Furthermore, this could be errors in the sensor and the precision might not be
high enough for this level of fast short motion. This error is consistent across all trials
and Figure 4.16 depicts a 10 second window of the position timeseries for trial 1 also
shows a varying amplitude around 0.25m. The graphs are accurate in the number of
waves present. There were approximately 50 waves in the 70 seconds of data for Trial
3 which is the number of wave motions recorded for this trial. The remaining trials had
similar results and their graphs are found in the Appendix.

Figure 4.15: Calculated position curve for Trial 3 DOT 1.
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Figure 4.16: Calculated position curve for Trial 1 DOT 1. This graph shows 10 seconds of motion of the DOTs
which is representative sample of the entire timeseries presented for closer inspection.

4.3 Chapter Conclusion
Overall, this method of calculating the position data from uniform regular
wave-like motion has been shown to be promising. A position is calculated that is a
fairly accurate representation of the expected position timeseries, with errors due to an
accumulation of low frequency noise in the data. With more time, a more in-depth study
could be conducted on how this error changes with longer distances of travel, speed of
travel, and possibly variations in each to mimic irregular wave motion. The next
Chapter will look at the results when the Xsens DOT sensors are in the water moving
with the waves as a next step to further exploring this topic.
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Chapter 5 Data Analysis & Results of QualisysTM in Basin
This chapter will present the results of the experiments conducted in the Wave
Basin. As discussed in section 2.5.3, floating bodies were created that would follow the
surface of the water and these were equipped with Qualisys markers and Xsens DOT
accelerometers. One goal was to track the free surface with the Qualisys markers and
determine the wave height through equations from Linear Wave Theory. A second goal
was to compare the Xsens DOT calculated position data to the Qualisys markers to
quantify the accuracy of using the DOTs to track motion of actual waves. This is to
further the research of the sinusoidal table top trials which showed promising results
for determining a position curve from an acceleration timeseries resulting from wavelike motion. First will be a discussion on the Qualisys markers followed by a section
on the Xsens DOTs.

5.1 QualisysTM Results
This section will describe the procedure and results for the post-analysis of the
results of the QualisysTM markers attached to ‘floats’ subject to regular waves in the
DWB.

5.1.1 Creating a Wave Video
Qualisys outputs the data from the trials as a .mat file that contains the frame
rate, number of frames, and X,Y, and Z coordinates for each frame with respect to the
defined origin for the project. In this case, the origin was defined to be the same
coordinate system as the wave basin coordinate system. A time vector can be created
using the frame rate and total number of frames to get a value in seconds for each frame
of X,Y and Z data. The number of QualisysTM markers tracked was typically 30 but
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varied due to the unpredictable nature of Qualisys Track Manager. QualisysTM has a
slight shortcoming in which sometimes an individual marker is not tracked for certain
frames of the experiment. If the gap of data is small enough, the program has a way of
filling in the gaps with accurate estimates of the position based on the previous and
succeeding data. If QualisysTM is unable to track a marker for an extended amount of
time, there is no data for that marker for that time during the experiment. For example,
if a marker is submerged beneath the water surface or gets too wet, it loses the ability
to reflect the infrared signal back to the camera and QualisysTM is unable to recognize
it and record the position data for that marker during that time. This project utilized 30
‘floats’ each with one QualisysTM marker attached. For the trials where some of the
markers had no data for some length of time, these markers was excluded from the
analysis and the remaining markers were analyzed. As a result, some trials had 30
markers, whereas a few trials had 28 or 26 total markers analyzed.
One goal with the markers was to virtually recreate the free surface of the water.
Within MATLAB, a mesh grid was created that spanned the area that contained the
‘floats.’ Using the z-position data, which would follow the water level, for each
QualisysTM marker, the scatteredinterpolant function is used to interpolate the zposition height for each point in the meshgrid based on the nearby QualisysTM markers.
This was done for each frame and the meshgrids were then turned into a video with the
same frame rate of 100 Hz that Qualisys used to capture the position data with the
passing waves. The result is a 5-minute video that roughly illustrates passing waves.
Figure 5.1 below shows a snapshot of the video for trial 8. The middle section of the
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range of y values shows a wave. The closer to the middle of the mesh and nearer the
Qualisys markers, the better animation of the passing waves of the Free Surface.

Figure 5.1: MATLAB created meshgrid of the Free Surface of the water created for Trial 8. The blue markers
represent the recorded Qualisys markers, and the grid is the interpolation of the free surface based on the
Qualisys markers. This is one frame out of the 5-minute video.

These videos show that there is potential to use Qualisys markers to track and
virtually recreate the free surface of the water. The virtual rendering appears most
accurate when the Qualisys markers are near the point in the meshgrid being created.
Improvements to this virtual rendering could be made by adding more Qualisys
markers and taking measures to ensure a more even and uniform distribution of the
markers.
The red circle in the mesh in Figure 5.1 above illustrates a stationary (x,y) point
in the middle of the mesh where the wave appeared most accurate. For this point, the
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z-position of the interpolated mesh was recorded and stored over time. This gives a
stationary wave follower that can tell how the water level changes at a specific point in
space. Unlike the QualisysTM markers that could move in the x and y direction, this
point is fixed. The advantage is that errors from moving with the wave would not occur,
and it could predict the water levels similar to the stationary wave gauge instruments
typically used in the wave lab, The following figure shows the elevation of this red
circle over time.

Figure 5.2: Plot of the Free Surface Elevation based on the interpolated mesh grid data using the x and y
coordinates of the red circle shown in the previous Figure. This is also Trial 8 of the Regular Trials.

Figure 5.2 shows a snapshot of 100 seconds of the trial. The first 100 seconds
not shown include the wave machine beginning and ramping up to the steady regular
wave so the data there is unimportant and shows the flat water and slowly increasing
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wave heights. At 100 seconds, the wave maker is consistently sending the same size
wave. For the first 50 seconds shown, there is a steady wave height showing waves
with a wave height of .20 m. This was the largest wave height tested and the wave
maker was set to create waves with a wave height of 0.20 meters. The duration of the
experiment was 300 seconds of these waves, thus the wave heights at 150 to 200
seconds should also be 0.20 meters. Interestingly, the wave height nearly doubles and
illustrates a wave height near 0.40 meters. This could be errors in the mesh grid
interpolated by the data.
In conclusion, though improvements can be made, QualisysTM does allow for a
virtual creation of the free surface of the water with some accuracy in wave height and
period of the created water surface. This can have implications for improving computer
models and studying how these waves interact with objects by creating a realistic free
surface of the water to virtually model floating bodies and waves.

5.1.2 Analyzing Orbital Periods and Calculating Wave Height
Another direction of research was to answer the question about whether the
QualisysTM markers could act as a non-intrusive wave gauge. One method as depicted
above, creates an estimate of the water elevation through tracking a point on the
estimated mesh grid based on the QualisysTM markers. Another method relies on linear
wave theory and water particle motion. The ‘floats’ are small and relatively light in
mass and can be considered a ‘perfect’ free surface follower. These floats should mimic
the motion of a water particle in a wave and move in an elliptical orbit.
From the Linear Wave Theory, the particle displacement equations for a water
particle in a linear wave were found. For a water particle with a mean position of (x1,z1),
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the displacement components can be found by integrating the velocity with respect to
time [1]. The water particles were found to move in elliptical patterns as depicted in
the figure below.

Figure 5.3: Water particle motions in progressive water waves of different relative depths. Image from Figure 4.3
in Dean and Dalrymple [1].

With the observation of the elliptical motion of floating water particles, the
horizontal and vertical displacement can be measured. These horizontal and vertical
displacements represent the semiaxes A and B, respectively, of the elliptical motion.
𝐴=

𝐻 cosh 𝑘(ℎ+𝑧1 )
2

sinh 𝑘ℎ

and 𝐵 =

𝐻 sinh 𝑘(ℎ+𝑧1 )
2

sinh 𝑘ℎ

Observing the elliptical axis length for the major and minor axis through the
QualisysTM data allows us to solve some of these equations discussed above to obtain
the wave height. The first step was to take the 3-dimensional data of QualisysTM and
determine the elliptical motion. Observing the position data in each direction for Trial
1 yields the results depicted in the figures below. The sinusoidal curves appeared in the
z-direction and x-direction curves and there was not wave action in the y-direction.
This is what was expected. The elliptical motion aligns with the wave direction, straight
in the x-direction from the wave maker. The z-motion represents the particles moving
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up and down as the wave passes by and the x-motion represents the back-and-forth
motion of a water particle in the waves. The first figure below shows the motion in the
y-direction. Before the waves started and after the waves ended, there is large change
in position which tells us this marker experienced lateral motion while floating in the
basin awaiting the waves. There is some lateral motion during the waves, and it
increases again as the waves end and the marker floats back to its resting position. The
middle 200 seconds shows very small sinusoidal motion indicating there is minimal
observed motion in the y-direction for the elliptical motion of the QualisysTM markers.

Figure 5.4: The position timeseries of the QualisysTM reflector in the y-direction. The sinusoidal motion between
100 and 350 seconds is minimal suggesting the wave motion was perpendicular to the y-direction.

On the other hand, the x-position data and the z-position data show much higher
sinusoidal waves indicating the ellipse is in those planes. Below, Figure 5.5 illustrates
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the motion of the float in the x-direction which includes the sinusoidal waves of the
elliptical pattern the float follows.

Figure 5.5: The position timeseries of the QualisysTM reflector in the x-direction. The periodic motions in the
timeseries are indicative of the elliptical path of motion in the x-direction for the float.

117

Figure 5.6: The position timeseries of the QualisysTM reflector in the z-direction. The periodic motions in the
timeseries show the water elevation of the ‘floats’ as the waves pass by.

To observe the elliptical motion of the ‘float,’ the best method was to plot the
data in a 3-dimensional plot. This is pictured in Figure 5.7 below. The elliptical motion
of the reflector is apparent and there is some motion of the reflector drifting in the water
as it continues to move in the elliptical patten. This graph shows us, we can obtain the
elliptical motion axis by examining the x and z directions of motion.
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Figure 5.7: The 3-D motion of the QualisysTM reflector over the entire time period of the trial. The elliptical
motion can be clearly discerned.

Figure 5.8: Plot of the x-position versus the z-position for 10 seconds of data which was selected based on limited
drift and other nonelliptical motions of the marker during the trial.
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For the visible ellipse, the axis length needed is the length from the highest xposition point to the lowest and the same for the z-direction. These maximums and
minimums were most easily found by plotting the x-position versus time and plotting
the z-position versus time and finding the maximum and minimum values over each
wave period, which for trial one was set to be 1 second. To calculate a more accurate
value for ellipse lengths, the maximum and minimum were calculated over 10 wave
periods, the values were subtracted to obtain an axis length for each of the 10 waves.
These axis lengths were then averaged to find the best average axis length. This average
would be used in the linear wave theory formulas to calculate the wave height. The
plots below show the timeseries and at time t=0, each value of the maximum and
minimum were plotted as a circle to visually confirm they appear to be the accurate
values for the timeseries.

Figure 5.9: Plot of the x-position versus time. The green circles illustrate the determined maximums for each wave
peak over the ten waves in the ten seconds of data. The red circles show the minimums.
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Figure 5.10: Plot of the z-position versus time for ten seconds of the timeseries with consistent elliptical motion
and minimal y-direction motion. The black circles represent the determined maximum values for each wave peak
and the pink circles represent the minimum values.

The next step was to obtain the A and B values for the equations and use these
to calculate the wave height and then the wave length and wave number values. The A
length is half the length of the distance from the maximum to minimum z-value. The
B length is horizontal and represents half the length of the distance from the maximum
to minimum x-value. As represented in Figure 5.11 below.

B

A

Figure 5.11: Elliptical orbit and the semi-major axis A and the semi-minor axis B.
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The wave height can be calculated from the semi-minor axis length, B, as
discussed in Chapter 1. In this case, the equation can be simplified to the following
because the mean water particle position is on the surface thus, z1 is equal to zero. The
sinh terms cancel out and we are left with: 𝐻 = 2 ∗ 𝐵. With this wave height, it is
possible to determine the wave number, k, multiplied by the water depth, h, by the
𝐻

following equation: 𝑘ℎ = tanh−1 2𝐴. Then, using the k found from the dispersion
relationship with linear wave theory, this kh value can be used to calculate the water
depth by dividing by k.

Trial
1
2
3
4
5
6
7
8
9

Period
T (s)
1
1.5
2
2.5
3
1.5
1.5
1.5
1.5

Wave
gauge
From Dispersion
Data
Measured Relation:
H (m)
h (m)
L (m)
k
0.090
1
1.559 4.031
0.075
1
3.349 1.876
0.093
1
5.212 1.206
0.078
1
6.982 0.900
0.080
1
8.688 0.723
0.015
1
3.349 1.876
0.168
1
3.349 1.876
0.089
1
3.349 1.876
0.083
1
3.349 1.876

Calculated from Measured Orbital Values
A (m)
B (m) H (m)
kh
h (m)
0.0443 0.0436 0.087 2.385 0.592
0.0496 0.0519 0.104 1.884 1.004
0.0483 0.0516 0.103 1.713 1.421
0.0493
0.06 0.120 1.160 1.289
0.0482 0.0784 0.157 0.716 0.990
0.0099 0.0096 0.019 2.055 1.095
0.0953 0.0986 0.197 2.031 1.082
0.0446 0.0478 0.096 1.685 0.898
0.062 0.0527 0.106 1.260 0.672

Percent
Error of
H
%
3.33
38.67
10.75
53.85
96.25
26.67
17.26
7.87
27.71

Table 5: This table shows all nine regular trials, the calculated A and B value, the wave height calculated from the
B value, and kh and h calculated from this wave height calculation. In orange is the data from the dispersion
relationship which calculated the wavelength and wave number based on the wave period and water depth of the
experiment. The blue shows the data pulled from the fourth wave gauge, nearest the Qualisys reflectors in the
experiment.

The table above illustrates that for all nine regular trials, the calculated wave
height from the calculated semi-minor axis B was occasionally a close match for the
wave height data pulled from wave gauge closest to the ‘floats.’ The column on the far
right shows the percentage of error between the calculated wave height and the
measured wave height. These values range from 3 up to 97 percent. In some cases, the
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calculated wave height was a close match and for other cases QualisysTM would not be
considered an accurate wave gauge. The wave height data was calculated using only
the measured B axis for the ellipse, which closely follows the surface of the water in
the z-direction, rising and falling with the waves. This value seems to be accurate in
some cases. The water depth that was calculated from this data also was not as close of
a match. In Trials 1 and 9, the water depth is 0.6 and 0.67 meters when the water in the
tank was measured to be 1m. Similarly, Trials 3 and 4 are off with an overestimation
of the depth. The inconsistency suggests that Qualisys is not able to help determine the
water depth for an experiment. The errors in the kh and water depth values likely stem
from inaccuracies in the measurement of the semi-major axis A. The horizontal motion
is more likely to be affected by the fishing line that functions to corral the ‘floats’ and
keep them in view of the Qualisys cameras. For these small waves, the measured A and
B values have a ratio close to 1 and are measured by Qualisys in the order of
millimeters. By the nature of the hyperbolic tangent function, if the measurement is off
by even 1 millimeter, the calculated water depth can be off as much as seen above. In
conclusion, this method seems promising for recording the wave height and will be
used in one of the projects in the wave lab soon to track relative changes in wave height
for different conditions of the experiment. More research is needed to determine a
method to better track and calculate the semi-major axis of the ellipse to obtain water
depth data. Likely, this will work for cases of waves where the ellipse is less circular
and the A to B ratio is not 1 as that part of the tanh curve is more stable and small
changes do not equate to large errors in the kh value.
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5.2 Analyzing the Xsens DOTs and Comparing to QualisysTM Data
Another angle of the experiment aimed to examine the effectiveness of the use
of Xsens DOTs in the laboratory environment for tracking waves. As discussed in
Chapter 4, the position data calculated from the sensors for sinusoidal wave-like
motions was found to be nearly accurate. The value was not exactly correct but the
rough shape of the position curve was similar and there was no drift or exponentially
increasing error as found in the linear motion trials.
For the nine regular trials conducted in the wave Basin, three trials had a
successful recording of the Xsens sensors through the whole trial. Unfortunately for
Trial 1, 6, 7, 8, and 9, the sensors would not connect to the smartphone app and possibly
the batteries had died. The lack of data was not discovered until a much later date during
the data analysis phase when running the trials again was no longer an option. In the
future, more attention would be go to collecting the data and ensuring the instruments
are fully charged and able to connect.
With the trials that had data, the first step with the data analysis was to examine
which direction of motion the accelerometers were facing and in which direction the
sensor detected accelerations. For Trial 3, the Xsens sensor number 3 recorded
timeseries for the accelerations felt in the sensor frame of reference coordinate system.
In hindsight, it would have been a good idea to use a camera to visually record the
orientation of the Xsens DOT during the experiment. Since the DOTs were floating in
the basin with no constraint except the fishing line anchor containing it to a particular
5-meter square area, there was nothing to keep the DOT oriented in a fixed direction.
For sensor number 3, the graph below depicts acceleration in the z-direction consistent
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with the expectations of data for the DOT floating horizontal on the surface descending
and ascending with the passing waves.

Figure 5.12: The output of the DOT showing the acceleration in the z-direction in the sensor coordinate system
where gravity has been subtracted from the timeseries so only free acceleration remains.

Furthermore, the graph of the y-direction motion displays some sinusoidal
patterns towards the beginning followed by noise and chaos.
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Figure 5.13: The output of the DOT of the acceleration in the y-direction in the sensor coordinate frame.

The graph of the x-direction motion displays a similar pattern with smaller
variations overall which suggest the least amount of motion was in the sensor
coordinate frame x-direction. The least amount of motion in the experiment should be
the y-direction of the DWB coordinate frame. Thus, we can infer that the DOT sensor
was likely oriented with the y-direction, parallel with the x-axis of the wave basin or
an angle such that most of the motion would be sensed in the y-direction of the sensor.
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Figure 5.14: The output of the DOT of the acceleration in the x-direction in the sensor coordinate frame.

The accelerations in the z-direction depicted the expected sinusoidal motion so
this data was integrated into position data using the method described in Chapter 4.
Theoretically, the total acceleration from the wave motion could include acceleration
sensed in the x and y direction if the ‘floats’ pitched or rolled or experienced any yaw
motion causing the sensor frame of reference to rotate with respect to the DWB
coordinate system. An in-depth analysis into the gyroscope data of the sensor would be
needed and an analysis on the accuracy of the Xsens DOT gyroscope data; two avenues
that needed more time for exploration and thus are not explored in this manuscript.
Another roadblock and potential source of error came from the ‘floats’ movement in
the orbital patterns and not just the z-direction. This meant that some of the acceleration
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data in the x-direction and y-direction of the sensor represents the horizontal
accelerations of the sensor as they move in the water particle elliptical pattern.
Discerning these separate motions from the other would be difficult to successfully
achieve with the limited knowledge of the gyroscope of the sensor and no visual
recording of the DOT orientation during the trials. For the completion of this thesis, the
assumption was made that all the vertical motion of the ‘floats’ was recorded by the zacceleration in the DOT sensor. For the reasons outlined above, this assumption could
be a source of error for the results. Figure 5.15 below depicts the tracked position data
of the QualisysTM markers in the z-direction compared to the calculated position data
from the z-direction acceleration of the Xsens DOT sensor for DOT 3 in trial 3.

Figure 5.15: Comparison of the position data calculated from the Xsens sensor DOT 3 and the tracked data
output from Qualisys.
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Figure 5.16: Comparison of the position data calculated from the Xsens sensor DOT 4 and the tracked data
output from Qualisys for Trial 3.

These results are like the results of Chapter 4 in which the calculated position
data had a similar period and shape and amplitude. This suggests that the Xsens DOT
accelerometers may be able to accurately create a trajectory of position motion when
the recorded motion follows a wave-like pattern. The remaining trials were analyzed
for the three trials that successfully recorded data from the Xsens DOT sensors. Trials
2, 3, and 4 each had either two or three DOTs record data, and the below figures
illustrate the calculated position data from the sensors compared the QualisysTM data.
For Trials 2 and 3, the results depicted a calculated position data with roughly the same
shape and period of waves.
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Figure 5.17: Comparison of the position data calculated from the Xsens sensor DOT 5 and the tracked data
output from Qualisys for Trial 3.

Figure 5.18: Comparison of the position data calculated from the Xsens sensor DOT 4 and the tracked data
output from Qualisys for Trial 2.
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Figure 5.19: Comparison of the position data calculated from the Xsens sensor DOT 3 and the tracked data
output from Qualisys for Trial 2.

Figure 5.20: Comparison of the position data calculated from the Xsens sensor DOT 5 and the tracked data
output from Qualisys for Trial 2.
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Overall, with the data collected, this method of calculating the position data
seems promising for most trials of sinusoidal motion. However, Trial 4 did not depict
these same results. For the same exact method of integration, and a similar looking
acceleration timeseries, the results for Trial 4 did not show a displacement of near zero
at the beginning and end as the previous cases did. Interestingly, DOT 4 and DOT 5
both attached to separate ‘floats’ and recorded for the same wave motion, showed a
similar integrated curve. These results are depicted below.

Figure 5.21: Comparison of the position data calculated from the Xsens sensor DOT 4 and the tracked data
output from Qualisys for Trial 4.

132

Figure 5.22: Comparison of the position data calculated from the Xsens sensor DOT 5 and the tracked data
output from Qualisys for Trial 4.

More research is needed to understand what happened with this trial. This trial
had the longest wave period at 3 seconds, so one possibility is the sensors are inaccurate
for waves of this length. This matches the lack of meaningful data for long wave trials
on the tabletop discussed in Chapter 4. Another possibility is the sensors produce
skewed data when the battery level of the device is too low. These trials occurred just
before the sensors stopped working due to dead batteries. These trials could have had
more rotation than previous trials so the assumption that all z-direction motion is
reflected in the local z-direction of the sensor coordinate frame could be inaccurate.
In conclusion, the position data can be roughly calculated from the Xsens
sensors, and these results are promising for future exploration into this method of
motion capturing in the wave laboratory environment. Research needs to be done to
further test the filtering method and see in which cases this filtering method works. The
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discrepancy of Trial 4 also needs to be examined and resolved. More testing with
different wave periods is needed, but these trials have shown that there is potential for
using the Xsens DOT sensors as a type of motion capture technology in the wave
research laboratory.
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Chapter 6 Discussion of Debris Impact Project
The initial goal of the Debris Impact Project was to analyze the acceleration
data from the Xsens DOT sensors to obtain a timeseries of position data that would
follow the location of the debris piece. As with the experiments discussed in Chapter
5, there was no additional method of tracking the debris pieces or the orientation of the
Xsens sensors with reference to the coordinate system of the wave flume through the
experiment. Qualisys is unable to follow objects when they disappear behind objects
such as the coastal structure or other debris. Cameras and Qualisys are also unable to
track motion underwater or that has disappeared in the white water of the tsunami wave.
For this reason, Xsesns DOT sensors were thought to be a potential solution to tracking
this data and obtaining data that currently has no way of being recorded. Experiments
of Chapter 3 and 4 have concluded that at this point in time, more research is needed
to accurately calculate the position of a sensor in a floating debris piece with a varying
orientation and mixture of linear and sinusoidal motions.
However, some data was obtained. The DAQ has its own time stamp, and the
solenoid is connected to the DAQ allowing for the data between the DOTs and the
DAQ to be time synchronized. Xsens DOT 1 was always attached to the solenoid for
each trial. Figure 6.1 below illustrates the acceleration in the x-direction, y-direction,
and z-direction for the sensor. The solenoid moves the sensor up and down so motion
in the z-direction is expected. The graph of the z-direction has data that is the least
noisy and most discernable for calculating the on and off time for the solenoid.
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Figure 6.1: Plot of the acceleration data taken from DOT 1 for trial 1 of the debris project. The top graph shows
the x-acceleration. The middle graph shows the y-acceleration, and the bottom graph shows the z-acceleration.

With the solenoid, the data could then be time synchronized in order to compare
the data of the experiment to the acceleration of the debris piece. The moment the debris
strikes the model structure or quickly changes its path of motion would be indicated by
sharp spikes in the acceleration data. Likewise, when a piece of debris impacts the
structure, the data will show spikes in the force felt by the structure. The figure below
shows the acceleration of the debris piece during the trial. Ideally, this timeseries would
allow for tracking the debris piece which can tell us how the debris travels through the
wave and what the debris pieces impact. Using the accelerometers as a way of filling
the gaps in data for position is another avenue that would be ideal and could be
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explored. This experiment did not include QualisysTM but future experiments may be
able to use QualisysTM to track the position of debris and rely on data from the DOTs
when the debris disappear beneath the surface or under a wave or another debris piece
or behind the text structure.

Figure 6.2: The acceleration data of the Xsens sensor imbedded in the debris piece. The top graph shows the xacceleration. The middle graph shows the y-acceleration, and the bottom graph shows the z-acceleration.

The above figure illustrates that the Xsens DOT sensors do show spikes for
times of impact of the debris against the structure. Future research could examine
whether the spike is a result of debris impacting debris or debris impacting the structure.
More research is needed to be able to accurately calculate the position data from the
Xsens DOT sensors and this will have great implication for wave laboratory research
when these methods are further developed.
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Chapter 7 Conclusion
In conclusion, this research project examined four different projects all focused on
applying motion capture technologies to assess the free surface and track waterborne
debris in the wave research laboratory. Two motion capture technologies were studied
which included the Xsens DOT IMUs and QualisysTM Motion Capture system. These
motion capture technologies would improve data collection for the wave research
laboratory allowing for less intrusive methods for tracking either the free surface or
floating bodies such as debris pieces in a tsunami. Furthermore, the Xsens DOT
accelerometers showed potential for tracking the trajectory of debris pieces as they
move underwater or around structures, which in the past has not been possible to track.
The following conclusions can be made:
▪

Overall, the Xsens accelerometers can provide accurate position data for
approximately 4 seconds or 0.4 meters after its last known position and velocity
for straight 1-D motion

▪

The experimental setup for the dry land experiments with the rail, the string pot
and Qualisys proved to be a practical set up, and with more time to improve
data collection methods, this setup would be utilized again with more
experiments of more variety.

▪

The sinusoidal trials and wave basin trials found that the Xsens DOT
accelerometers can accurately calculate the amplitude and period for sinusoidal
position data with some exceptions.

▪

Improvements to this experiment would include a better construction of the
‘floats.’ This is already being explored with a current experiment in the DWB.
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▪

More improvements would be to confine the Xsens DOT to the orientation that
matches the DWB or exploration of the gyroscope data to obtain acceleration
data in the local Earth reference frame and not only the sensor coordinate frame.

▪

Limitations might include the position data is only accurate for certain periods
of wave motion. More testing for waves of varying periods and intensities is
required to confirm.

▪

For long period waves, the Xsens DOT accelerometers are unable to
differentiate between the signal and the noise thus calculating the position data
yields inconclusive results. More research needs to be done.

▪

QualisysTM can track the ‘floats’ on free surface of the water and the data can
be used to virtually recreate the wave motion of the free surface.

▪

Using Linear Wave Theory to calculate the wave height from the observed
elliptical motion, the data from QualisysTM can be used to obtain a wave height.
The accuracy is still in question. The current DWB experiment is using the
calculated wave height and comparing relative wave heights between
experiments and observing the expected wave height changes. More research
would continue in this direction.

▪

For the waves tested, the kh value was too close to one for the QualisysTM data
to provide an accurate water depth. This stems from the hyperbolic tangent
function that has large variations for a small change in the elliptical axis
measurement. The error could also come from the fishing line restricting the
orbital motion of the 'float.’
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▪

More research needs to be done to examine the ability of this data to be used
for water depth tracking in more elliptical shaped waves and different wave
condition.

▪

At this point, more research is needed to be able to track a piece of debris in a
tsunami-like wave using only the Xsens DOT sensors, but the spikes in
acceleration felt by the debris can be used to indicate the impact of the debris
with another object, wall, or structure in the flume. It could be possible to track
the debris with a camera or QualisysTM in addition to the Xsens DOT sensors
using the camera as way to update the known position of the debris every 2-5
seconds and relying on the integration of the Xsens data in between and when
the debris goes underwater or behind structures.

In summary, this document shows that these motion capturing devices have a lot of
potential and can be used in some instances for motion capturing for the tracking of the
free surface or tracking of waterborne debris in the wave research laboratories.
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APPENDIX
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This appendix contains additional plots and graphs of the results for the
sinusoidal trials with the Xsens DOT sensors.

Figure 1: The frequency domain of the acceleration data obtained from Trial 1 DOT 1.

Figure 2: Frequency domain of position data calculated from the acceleration curve frequency domain for Trial 1
DOT 1.
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Figure 3: Frequency domain of the acceleration data for Trial 4.

Figure 4: Frequency domain of position data calculated from the acceleration curve frequency domain for Trial 4
DOT 1.
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Figure 5: Position timeseries over a 10 second interval calculated from an inverse FFT of the frequency domain
position for Trial 4.

Figure 6: The frequency domain of the acceleration data obtained from Trial 5 DOT 1.
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Figure 7: Frequency domain of position data calculated from the acceleration curve frequency domain.

Figure 8: Unfiltered Acceleration data from the Xsens DOT for 10 seconds of the trial.
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Figure 9: Smoothed acceleration data from the DOTs for a 10 second time period.

Figure 10: Position timeseries over a 10 seconds interval calculated from an inverse FFT of the frequency domain
position for Trial 5.
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Figure 11: The frequency domain of the acceleration data obtained from Trial 5 DOT 1.

Figure 12: Unfiltered Acceleration data from the Xsens DOT for 10 seconds of the trial.
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Figure 13: Smoothed acceleration data from the DOTs for a 10 second time period.

Figure 14: Frequency domain of position data calculated from the acceleration curve frequency domain.
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Figure 15: Position timeseries over a 10 seconds interval calculated from an inverse FFT of the frequency domain
position for Trial 4.

Figure 16: The frequency domain of the acceleration data obtained from Trial 7 DOT 1.
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Figure 17: Unfiltered Acceleration data from the Xsens DOT for 10 seconds of the trial.

Figure 18: Smoothed acceleration data from the DOTs for a 10 second time period.
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Figure 19: Frequency domain of position data calculated from the acceleration curve frequency domain.

Figure 20: Position timeseries over a 10 second interval calculated from an inverse FFT of the frequency domain
position for Trial 7.
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Figure 21: The frequency domain of the acceleration data obtained from Trial 8 DOT 1.

Figure 22: Unfiltered Acceleration data from the Xsens DOT for 10 seconds of the trial.
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Figure 23: Smoothed acceleration data from the DOTs for a 10 second time period.

Figure 24: Frequency domain of position data calculated from the acceleration curve frequency domain
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Figure 25: Position timeseries over a 10 second interval calculated from an inverse FFT of the frequency domain
position for Trial 8.

Figure 26: The frequency domain of the acceleration data obtained from Trial 9 DOT 1.
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Figure 27: Unfiltered Acceleration data from the Xsens DOT for 10 seconds of the trial.

Figure 28: Smoothed acceleration data from the DOTs for a 10 second time period.
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Figure 29: Frequency domain of position data calculated from the acceleration curve frequency domain.

Figure 30: Position timeseries over a 10 second interval calculated from an inverse FFT of the frequency domain
position for Trial 9.
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Figure 31: The frequency domain of the acceleration data obtained from Trial 10 DOT 1.

Figure 32: Unfiltered Acceleration data from the Xsens DOT for 10 seconds of the trial.
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Figure 33: Smoothed acceleration data from the DOTs for a 10 second time period.

Figure 34: Position timeseries over a 10 second interval calculated from an inverse FFT of the frequency domain
position for Trial 10.
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Figure 35: Frequency domain of position data calculated from the acceleration curve frequency domain.

