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The problem that is addressed in this thesis is the need to record the physical location of a 

contact based imaging probe and subsequent measurement, specifically for using diffuse 

optical spectroscopic imaging. A novel motion tracking system was developed using a 

combination of 3D scanned surface and embedded inertial/optical motion sensors. The 

motion tracking system was used in combination with a fast CW DOSI system to decrease 

single point measurement speed.  The combination system was able to increase the spatial 

resolution of optical absorption measurements as compared to previous generation DOSI 

system. The motion tracking system was calibrated to quantify the repeatability of each 

sensor type as well as the projection onto the 3D surface. The displacement sensor had 

average percent errors of 1.203% and 1.552% over a flat surface at 50mm, 100mm 

respectively. The average percent error increased to 3.640% and 3.126% when repeated 

50mm and 100mm displacement tests on human skin. The projection of motion paths on a 

flat optical phantom, exercise ball, and human lower leg was shown. The accuracy of 

unknown point estimation was shown with accuracy ranging from 21.9%-60%. 
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INTRODUCTION 

Medical imaging has played a significant role in the advancement of prevention, 

diagnosis, and treatment of disease. Many imaging modalities have become a part of the 

standard of care because of the valuable information they provide clinicians. Throughout a 

long history of technology development, different types of imaging have been created to 

address and collect specific types of information depending on the particular size scale. The 

field of medical imaging has techniques to look at tissues on several different levels of 

detail types of tissue.  Blood vessels, for instance, can be examined with ultrasound  to 

provide detail down to a few millimeters over a large area, while optical coherence 

tomography (OCT) can provide detail of a few microns but within a much smaller area. This 

illustrates the common trade-off between imaging area and resolution in medical imaging.       

From diagnosing a disease with no visible symptoms to noninvasively monitoring 

the progress of a patient with extensive problems, imaging has been able to provide easier 

solutions to previously difficult situations. The use of imaging in diagnosis and prevention 

as well as treatment monitoring is similar. A patient or area of interest on a patient is 

measured with a particular modality, then the image or video is examined by a doctor who 

specializes in understanding the data type. In many cases the changes over time in a patient 

are of interest, so the patient is measured again at a later time. The changes in the data are 

examined in many ways depending on a modality but usually the same area is examined. 

This measurement structure can provide information on the progression of a chronic 

disease such as atherosclerosis or information on whether a treatment is working as 
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intended such as radiation or chemotherapy of a tumor. In both cases the change in 

information or progression is of great interest to the clinician.  

 Diffuse Optical Spectroscopic Imaging (DOSI) is a medical imaging technique under 

intense investigation that combines the use of modulated and continuous-wave (CW) near 

infrared (NIR) light to measure the optical properties (absorption and scattering) of tissue 

over a broad spectral range. Using the quantitative absorption and scattering properties 

along with molecular extinction coefficients, concentrations of abundant NIR 

chromophores can be determined within a measured area. In human tissues, the primary 

NIR chromophores include deoxygenated hemoglobin, oxygenated hemoglobin, water and 

lipid, which can provide functional information about healthy and diseased tissue states. 

 DOSI has shown significant potential for monitoring tumor response in breast 

cancer patients undergoing neoadjuvant chemotherapy.  Neoadjuvant chemotherapy is 

administered to breast cancer patients before surgery in order to assess tumor 

chemosensitivity or to reduce the tumor size to enable a lesser surgery (e.g. a lumpectomy 

instead of a mastectomy). The current procedure for DOSI breast imaging first entails 

locating the tumor using ultrasound and identifying a region of interest around the tumor 

location. Since DOSI currently only samples data at a single point, a grid marking the 

desired measurement locations is inked over this region of interest using a transparent 

stamp. Each grid point is measured by placing a single-channel imaging probe at the 

specific marker. Each measurement point takes between 2-5 seconds, and the total number 

of points can range from a few dozen to a few hundred depending on the density and 

extend of the grid. The usual grid resolution has markers separated by 1cm in each 

direction. The entire process of placing the imaging probe at each location, measuring that 
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point, moving the probe to the next location, and scanning for all locations can take 

between 30-90 minutes depending on the quality of the data, the number of measured 

points and the absorption of the tissue.  

The current protocol for measuring these breast cancer patients is similar to other 

grid based protocols that have been used in DOSI clinical studies (Leproux, Durkin et al. 

2013). While the grid imaging protocol enabled the ability to collect longitudinal patient 

data from the same location, its main drawback include limited spatial resolution and long 

measurement time. The spatial resolution cannot be dynamically adjusted because it needs 

to be determined before starting the measurement. The time of the measurement is related 

to the spatial resolution and individual point measurement time but also to the amount of 

time it takes to line up the probe with the individual markers.  

In order to improve the DOSI measurement procedure, two key developments are 

needed. The first is to improve the speed of measurement of a single location.  This is not 

the focus of this work, but recent developments will be briefly reviewed. The second, which 

is the topic of this thesis, is to create a system that can automatically record the location of 

DOSI measurement points by co-registering them with anatomical landmarks. An ideal 

system would enable dynamically adjustable spatial resolution by allowing variable 

scanning speeds that would allow for easily controllable ability to compare patient data 

between appointments density.  The total measurement time would be decreased because 

the time required to move and align the probe at each marker would be greatly reduced or 

eliminated.  The physical location of the data on the tissue surface would allow better 

comparisons between repeated measurements of a single patient at different time points. 

Our approach to accomplish this is to record the unique 3D imaging surface of the 
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patient and use a combination of optical and electronic sensors to record the physical 

location of the probe.  The translation is quantified by measuring the relative displacement 

of the imaging probe compared to the surface using an optical sensor. The rotation of the 

probe is measured with integrated motion unit that contains electronic inertial sensors. 

These measurements combined with patient specific calibration will allow the physical 

location to be determined. 

This thesis is organized as follows.  The first two chapters comprise a brief overview 

of DOSI and a review of relevant motion tracking literature to examine previous methods 

and implementations. The third chapter will focus on the development of the hardware for 

the motion tracking system, including sensor selection, system overview, fast imaging 

overview and 3D geometry acquisition. The fourth chapter highlights the sensor calibration 

methods and calibration results. The fifth chapter will comprise examples of results 

generated by using the system on various surfaces and with different implementations. The 

sixth and final chapter will summarize the results and discuss limitations as well as future 

work. 

Chapter 1: Diffuse Optical Imaging 

Diffuse Optical Spectroscopic Imaging is a technique that combines the data from 

two different optical techniques to measure the concentrations of four primary 

chromophores. The two modalities are frequency domain photon migration (FDPM) and 

steady state broadband spectroscopy (SS).  FDPM entails modulating the intensity of NIR 

laser diodes at hundreds of MHz using an RF source. The light travels through the tissue 

and when it leaves the tissue is it is then detected by an avalanche photodiode on the 
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surface. The phase and amplitude of the detected light are then compared to the original RF 

source to measure the change in both measures. This process is repeated for each of the 

laser diodes sources (four in the current configuration) for modulation frequencies 

between 50-500MHz. In the current configuration, one photodiode is used at a fixed offset 

for sequential measuring light from all four laser diodes. The frequency dependent 

amplitude and phase data are fit to a model of light propagation in tissue to quantify both 

absorption and scattering for each laser diode wavelength. The laser diodes are coupled to 

optical fibers that terminate at the imaging probe for surface illumination. The photodiode 

can either be inside the imaging probe itself or coupled using fiber optics.  

The broadband light source is also fiber coupled to the imaging probe. After 

propagating through the tissue, light is collected via optical fiber and coupled to a 

spectrometer to measure a reflectance spectrum. The reflectance spectrum from the 

spectrometer does not take into account the decrease in signal due to scattering. The FDPM 

scattering values are fit to a power law to obtain a broadband scattering spectrum.  Then 

the reflectance spectrum is then corrected using the broadband scatter spectrum to 

generate a broadband absorption spectrum. More information about using frequency 

modulated light can be found in a recent review paper (O'Sullivan, Cerussi et al. 2012).  One 

advantage to using an imaging probe that directly contacts the surface of the skin is that the 

light penetrates deeper into the tissue than wide field based imaging techniques. The goal 

of recording the physical location of the probe during the measurement is to gain the high 

spatial resolution that is achieved by wide field imaging while maintaining the penetration 

depth that comes from contact based imaging.   
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Figure 1.1 – DOSI Absorption Spectra: Absorption Spectra for four Chromophores of interest 

Once the correct absorption spectrum is known, the concentration of four 

chromophores can be calculated using the average optical path length which is determined 

by the geometry of the sources and detectors as well as the optical properties of absorption 

and scatter.  The farther apart the sources are from the detectors the less light will make it 

to the detector but the light that gets through will on average have travel farther through 

the tissue. As seen in Figure 1.1 above the chromophores that are fit are oxygenated 

hemoglobin, deoxygenated hemoglobin, bulk lipid, and water.  The chromophores 

concentrations are also combined in linear combinations to form metrics such as oxygen 

saturation, total hemoglobin and tissue optical index.  

One improvement that is currently being developed is integrating a fast measuring 

continuous wave module to the diffuse optical imaging system. The main advantage over 

the previous systems is that the continuous wave light would measure the reflectance at 

many distinct wavelengths at a much higher speed than can be accomplished with the 
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broadband light source and spectrometer. Many of the applications of DOSI involve either 

measuring an area of tissue to generate an image/map of the chromophore concentrations 

or measuring a single location for extended periods of time to monitor dynamic changes. 

With the use of a new faster DOSI imaging system, both dynamic and location based 

changes could be quantified faster. In order to utilize the potential of a faster sampling 

system for imaging, the location of the measurement points need to be recorded with the 

same or higher sampling rate.  

Clinical Applications 

 DOSI has found many applications to measure the concentration of chromophores 

within a tissue. Due to the tissue homogeneity, and specific depth sensitivity, and low 

attenuation, breast tissue was targeted as one of the first applications.  One of the first 

applications to breast imaging was to monitor breast cancer tumors during neoadjuvant 

chemotherapy (O’Sullivan, Leproux et al. 2013). The goal of several clinical trials was to see 

if measuring changes in Tissue Optical Index (TOI), which is the product of total 

hemoglobin and water concentration divided by the concentration of bulk lipids, of a tumor 

could be correlated with pathological response (Cerussi, Hsiang et al. 2007). Another 

breast cancer study examined the contrast that appeared in tumors within radiographically 

dense breast tissue (Leproux, Durkin et al. 2013) . An interesting application of DOSI has 

been to measure muscle tissue oxygenation and the how it changes before, during, and 

after exercise (Ganesan, Cotter et al. 2014).  Besides breast and muscle, the brain is also an 

area of interest that can be measured using DOSI. Brain oxygenation changes during high 

risk activities such as anesthesia are of interest to researchers because of the difficulty in 

measuring brain oxygenation noninvasively.  
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Chapter 2: Motion Tracking Review 

There are many advantages to knowing the motion of objects or people during 

medical imaging or during normal activity. Many different techniques have been developed 

that have addressed the accurate capture of human or object motion. Many of the 

techniques that have been developed were motivated by the entertainment industry in 

order to create more realistic computer generated images and videos.  A few quantitative 

metrics are used when comparing different motion tracking techniques. A few of these 

metrics are line of sight requirements, estimated tracking area, quantity of tracked objects, 

accuracy of tracking, and time resolution.  

Electromagnetic Tracking Systems 

One common method that is used in medicine for tracking of objects is referred to as 

electromagnetic motion tracking. The fundamentals of electromagnetic tracking are 

straightforward in that a magnetic field is generated by a field generator and small sensors 

are located within the magnetic field. This type of tracking does not require line of sight of 

the detectors. The main type of sensors that are used to measure the magnetic flux are 

search coils, which measure the flux but require an alternating magnetic field, and fluxgate 

sensors, which can measure both static and low frequency oscillating fields. An example of 

these sensors can be seen in Figure 2.1 below  
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Figure 2.1 - Examples of Magnetic Sensors (a) Sensors from Ascension dc tracking system (b) Sensor 

for Polhemus ac tracking system (c) Six DoF sensor for NDI Aurora ac tracking system (d) Passive EM 

beacon Calypso GPS for the Body system (Franz, Haidegger et al. 2014) 

The method by which to find the position and orientation of the magnetic trackers 

can be found in the literature and is different based on the type of sensor and the distance 

at which it needs to be localized (Schneider 2000). Different techniques may be used for 

alternating current magnetic field generators than direct current field pulse generators. 

Many of the sensors can be miniaturized but most still require tethering to a control 

system.  The design of the field generator which generates the various magnetic fields is 

also highly dependent on the application to which it is used. In most conditions the various 

systems allow for tracking updates between 40-250Hz. EM Tracking systems for medical 

applications have been created and are currently being manufactured by several 

companies. An overview of intra-operative EM tracking can be seen in Figure 2.2 below.  
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Figure 2.2- Example of Intra-operative EM tracking (Franz, Haidegger et al. 2014) 

The two main sources of error for electromagnetic tracking systems are field 

distortion errors and internal system errors. Internal system errors occur due to limits in 

accuracy and precision of the generated magnetic field. Many of these errors can be 

calibrated for using noise reduction methods such as Kalman Filters. Field Distortion 

Errors are described as any kind of changes in the generated magnetic field that are not 

internal to the system. The main causes of these field distortions are ferromagnetic 

material, eddy currents in conductive material, and external currents caused by electronics 

(Nafis, Jensen et al. 2006). 

Achievable tracking resolution can come down to 1.0mm in environments that are 

well suited or well thought out for EM tracking. Some of the conclusions based on the 

review paper of EM tracking discuss why this type of tracking system has not reached 

critical levels of use in clinics. Reasons can be due to lack of robustness of the tracking as 

well as cost issues with embedding sensors into tools (Franz, Haidegger et al. 2014). 
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Optical Tracking Systems 

Another popular method that has been used in medicine is optical motion tracking. 

There are many different variations of optical motion tracking systems but most of the 

systems contain the two elements: one or more cameras and object markers. The basic idea 

is that by using two cameras looking at the same object with known dimensions the motion 

of that object can be determined with a high degree of accuracy.  One of the few drawbacks 

when using a purely optical tracking system is that a line of sight is required between the 

object being tracked and the camera. This problem is usually addressed by using specially 

designed tools or in some cases multiple cameras. Many commercial systems advertise less 

than 0.5 to 1mm resolution when using specialized tools. An example of specialized tools 

can be seen in Figure 2.3 below.   

 

Figure 2.3 - Surgical tools design for optical tracking - Stryker Navigation System II 

 A few of the commercially available systems are manufactured by Northern Digital 

Inc, Brainlab, and Stryker. Many commercial systems have now integrated EM tracking 

with optical tracking because of the distinct benefits of each system. The assessment of 

accuracy for optical tracking is the focus of a 2004 research paper by Northern Digital Inc. 
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and the University of Waterloo (Wiles, Thompson et al. 2004). The article suggests that the 

use of active and hybrid passive systems can have equivalent accuracy if the markers are 

carefully manufactured. The active and passive markers can be seen in Figure 2.4 below. 

The article also examines that the error function of these types of system is non-linear over 

the tracking volume, which can lead to unexpected errors when used by clinicians. Active 

markers use LED’s or some other emitting source to send signals to the camera, while 

passive markers use reflective markers and make use of the light in the setting.  

 

Figure 2.4 –Optical Tracking Markers (Left) Passive Markers (Right) Active Markers used for optical motion 

tracking (Wiles, Thompson et al. 2004) 

Optical tracking commercial systems are now used in many applications in surgery 

because of the high degree of precision that is desired by the clinicians. Applications in 

orthopedics have been found when aligning implants and screws (Song, Seon et al. 2008). 

Other applications have also been found in dental surgery (Nafis, Jensen et al. 2006) 
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Inertial Navigation Systems 

 Another type of motion tracking that has been developed for many applications is 

the use of inertial sensors to record and estimate motion. Inertial sensors include 

accelerometers, gyroscopes, and magnetic compasses that were first developed as 

mechanical sensors but have now been integrated into MEMS devices.  The development of 

these types of sensors was first motivated for navigation of motion objects such as 

airplanes, automobiles or ships. These sensors can give information about the local forces 

and motion of a rigid object. While not traditionally used in tracking of medical 

instruments, accelerometers and gyroscopes are used to measure activity levels of patients 

using very simple signal processing. Pedometers are an example of using an accelerometer 

to measure a simple motion such as walking. Many manufacturers such as Analog Devices 

(Norwood, MA USA), Honeywell (Morristown, New Jersey, USA), and Invensense (San Jose, 

CA, USA) have produced these types of electronic sensors for various applications. The 

largest application currently is the embedded device market which uses sensors and signal 

processing to determine when a use is shaking a device or which orientation the device is 

being held. While inertial sensors may by themselves give relative information, the 

combination of the sensors with other data allows for tracking of motion within a specific 

area. The application to measure orientation of an object using only electronic sensors can 

also be useful for a variety of applications.  

Advantages/Disadvantages and Combination Systems 

The two main systems that have been reviewed are electromagnetic tracking 

systems, and optical tracking systems. The use of inertial navigation sensors provides 

information about the local motion but without the combination of more information is 
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difficult to use for motion tracking. The main advantages of electromagnetic tracking 

systems are that they are not required to maintain a line of sight during motion tracking, 

multiple sensors can be tracked with various update information, and precise 

measurements sometimes under 1mm in resolution can be determined. The disadvantage 

of EM tracking is that there are many sources of error, such as the local environment, which 

can be difficult to easily incorporate into clinical settings. The advantage of optical tracking 

is that there is a high degree of accuracy when using rigid body objects that have markers. 

When doing superficial procedures on the surface of the body optical tracking can give less 

than .5mm of accuracy. The disadvantage is the tools need to be specialized and that they 

need to maintain a line of sight with the camera.  

A few systems have combined motion tracking methods in various ways. The most 

commercially available systems combine optical and electromagnetic motion tracking and 

use each method to help correct for errors in the other. Another proposed solution involves 

the use of EM tracking and inertial sensors for application in surgery (Hongliang, Rank et al. 

2012). Most of the systems that have been reviewed are intended for tracking of medical 

instruments that mainly do not contain specialized hardware, the exception being optical 

markers. One example of integrating inertial and optical sensors into a medical imaging 

device can be seen in a novel ultrasound design (Goldsmith, Pedersen et al. 2008). The 

application that most resembles recording the physical location of an imaging probe is 

found in the inertial optical instrumented ultrasound system. The drawbacks that need to 

be improved on are the quality of the orientation measurements, as well as the use of 

measuring motion on curved surfaces. The system that would most suit the needs of 

measuring an optical imaging would be to measuring the individual surface of a patient, 
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and use the relative motion of a probe on that surface to register a particular location to the 

data being generated at that location.  

Chapter 3: Hardware System Design 

In order to record the motion of an imaging probe on the surface of a patient, two 

types of data are needed. The first type is the surface geometry and texture of the area that 

is being measured, and the second is the local motion of the probe relative to the surface 

being measured. This section will discuss the hardware design to record these data types.  

3D Depth Map Using Kinect 

A Kinect device (Microsoft Corp, Redmond WA USA) was used along with the Kinect 

for Windows v1 SDK to acquire depth information about a surface. Once the surface was 

stationary, the depth information output was integrated over time as the Kinect device was 

slowly moved around the surface. As more depth data points were collected the surface 

became smooth. While recording the depth information, a color image was saved in order 

to later add color texture to the surface. After saving the surface information as a wavefront 

object file, an open source library called Point Cloud Library (PCL) was used to add the 

color texture to the 3D surface. Fidicual markers used for calibration are placed on the 

surface and have different color for simple detection on the texture. An example of the 

Kinect Fusion process is shown in Figure 3.1. The example shown is not a perfect map of 

the texture onto the mesh, but does show the data inputs and steps. 
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Figure 3.1 – Kinect Fusion Process (Top, left) Kinect depth data example (Top, Right) 
Color image used for to texture depth data when combined with camera coordinates 
(Bottom) Example of textured 3D model 

Surface Motion Sensor Selection 

Linear Displacement 

In order to quantify the linear displacement of an imaging probe, an optical mouse 

IC ADNS-9800 (Avago Technologies, San Jose, CA, United States), was used. The IC and lens 

system was originally designed for the application of computer mouse for PC video games. 

The chip contains a VCSEL that illuminates .5 mW at 840nm and a low resolution detection 
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chip designed for high speed data transfer. The detected light is reflected off the surface 

and imaged on to the detector where it is transferred to an embedded DSP to translate the 

reflected image into displacement information. The ADNS-9800 can support a frame rate of 

12,000 frames per section at a resolution up to 8200 counts per inch. The motion detection 

is up to 150 inches per second at an acceleration of up to 30g.  

Rotational Displacement 

To quantify the rotational displacement of an imaging probe, three inertial motion 

sensors were used. The 9 Degree of Freedom Sensor stick was purchased from Sparkfun 

(Denver, CO,USA) and contains the ADXL345 accelerometer (Analog Devices, Norwood, MA 

USA), HMC5883L compass (Honeywell, city state USA), and ITG-3200 gyroscope 

(Invensense, San Jose, CA USA). The accelerometer chip can measure up to +/- 16g’s with 

10 bits of resolution, the magnetometer chip has a 12 bit resolution that can sense up to 8 

gauss, while the gyroscope can measure up to +/- 2000 degrees with 16 bits of resolution.  

The raw data output of each of these sensors was run through a sensor fusion 

algorithm based off open source software, Altitude and Heading Reference System 

(https://github.com/ptrbrtz/razor-9dof-ahrs). The sensor calibration procedure used was 

also a modified version from the same source. The algorithm that combines the data is a 

Directional Cosine Matrix algorithm, which is a simplification of a Kalmann Filter 

(Premerlani and Bizard 2009). The directional cosine matrix first calculates the magnetic 

heading. Then the algorithm normalizes the three directional matrices to enforce 

orthogonality that may be off due to numerical error. The error is estimated and corrected 

for roll and pitch drift based on the accelerometer, while yaw drift error is based on 
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magnetic heading. Using the DCM algorithm, the orientation of the probe can be estimated 

based on the three inertial motion sensors.  

Combined Sensor Board 

Originally the two sensors were used on separate boards and the imaging probe was 

designed to fit both inside. It was decided to get an outside source John Kicklighter, who 

originally designed the ADNS-9800 board, to create a combination board that combined 

both sensors into a single board set. The motivation behind the redesign was to minimize 

the footprint of the sensor on the bottom of the probe. In the Figure 3.2 below the 

redesigned sensor board can be seen. 

 

Figure 3.2 - Redesigned sensor boards: PCB redesign that stacks to reduce footprint 

Microcontroller and Block Diagram 

A microcontroller is need for acquisition of the motion sensor data, orientation data 

sensor fusion, and transmission of the data to the PC. The Arduino Due was selected for this 

application due to the large open source community of support, built in communication 

functions and ports, 84 MHz processer and 12 bit ADC/DAC.  The Arduino due is shown 

below in Figure 3.2. The ADC and DAC hardware is mainly important for the use with a fast 
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Figure 3.4 - Motion Tracking System Block Diagram 

imaging system that needs to be specify the DC power level of the diodes as well as read the 

output from an amplified photodiode. The Due has the required SPI and I2C ports that are 

needed to interface the ADNS-9800, ITG3200, ADXL345, and HMC5883L. A block diagram 

is shown in Figure 3.3; the diagram also includes the Microsoft Kinect.  

 

Figure 3.3 - Arduino Due Microcontroller: Controller based off Atmel SAM3X8E ARM Cortex-M3 CPU 

 

NIR Continuous Wave Imaging System and Probe Design 

 The second key to improving the diffuse optical spectroscopic imaging 

measurement protocol is to develop technology that can provide faster single location 

measurements. The slowest part of the single point measurement is the use of a broadband 

light and spectrometer to get a reflectance spectrum at several hundred wavelengths. This 



20 
 

measurement time can be reduced without sacrificing much information as long as there 

are still reflectance measurements at specific number of individual wavelengths.  The 

development of that hardware is not the focus of the work but it will be summarized 

briefly. 

 The CW diffuse optical imaging system works by modulating NIR laser diodes at 

moderately high speed. A custom circuit was built that uses internal oscillators at 5-25 kHz 

to simultaneously modulate the amplitude of the output of the laser diodes. The RF source 

is filtered to ensure it is only in the correct frequency band then it is added to a DC offset so 

that the output of the laser diodes has an AC and DC component. A current controlled 

modulation circuit carries out the modulation. Once the light has passed through the tissue 

it is detected by an avalanche photodiode and amplified along with band-pass filtered to 

remove any background light. Using the measuring amplitude of the detected signal the 

reflectance of the tissue at that wavelength can be assessed. Because the power at each 

wavelength is much higher than the broadband source and to measuring fewer 

wavelengths, the reflectance measurements can be taken several orders of magnitude 

faster than previous systems.  

 The design of the imaging probe needed to be able to support and fix one optical 

fiber that was coupled to the laser diode light source, and another liquid light guide that 

was optically coupled to the avalanche photodiode. The distance between the source and 

detector fiber determine the mean optical path length which the photons go through the 

tissue. Longer source detector separations let photons go deeper into the tissue but more 

power is needed to get enough photons to detect. The design of the imaging probe to 
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contain the CW diffuse optical imaging system and the motion tracking hardware is shown 

in Figure 3.5 and Figure 3.6. 

 
  

 

 

 

 

 

 

 

 

Figure 3.5 –Imaging Probe Model: Top view of CW imaging and tracking probe. The 
holes to the left hold the optical fibers while the indentions on the right hold the 

motion tracking hardware 

Figure 3.6 - Fast CW DOSI Probe with tracking 
hardware together. Source detector separation 
shown is 22mm 
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Chapter 4: Calibration and Testing 

Displacement Calibration 

The first step in testing a sensor for displacement is to examine the repeatability of 

the output. The displacement sensor outputs an integrated count of the displacement in 

both the X and Y directions since the last time the displacement registers were read by the 

microcontroller. To quantify the output the data is integrated over the recording window to 

get a total displacement. To test the consistency of the sensor, the data was recorded and 

integrated the output while moving along a flat surface by a measured distance. The first 

sets of tests were done on a plain white piece of paper with distances of 50,100, and 

150mm. Each trial was repeated five times and the mean and standard deviation of the 

measured displacement is shown in Table 4.1.  

 

Figure 4.1 - Setup for single path repeatability test 
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Path Length 50mm 100mm 150mm 

Mean (STD) 4067.60 (48.916) 8358.00 (129.698) 12265.60 (133.118) 

Percent Error 1.203% 1.552% 1.08529 

Table 4.1 Table with single path repeatability results, each test was repeated 5 times and the mean 
and standard deviation of the measured displacement is shown 

Another test of interest is to compare the integrated output of two paths of the same 

length but in opposite direction. This gives an estimate of the accumulated error over 

multiple paths. Ideally the difference between the two paths would be zero because the net 

displacement is zero. These tests were performed on the same flat, white piece of paper as 

Figure 4.1 at 50, 100 and 150mm to the left and to the right. Each test was repeated five 

times and the mean net displacements along with standard deviations are shown in the 

Table 4.2.  

Return Segment Length 50mm 100mm 150mm 

Mean Net Displacement 220.20 (58.709) 338.40 (148.123) 291.40 (156.999) 

Return Percent Error 1.447% 1.842% 1.319% 

Table 4.2 - Table with return path repeatability results, each test was repeated 5 times and the mean 
net displacement and standard deviation of the net measured displacement is shown 
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Figure 4.2 - Example of Integrated Displacement Data for 150mm return test 

To test whether the displacement sensor can accurately represent distance on the 

surface of human skin, the initial single path test was done again on the arm of a human 

subject. Measurements were made with a ruler to mark out 50 and 100mm lines on the 

inner arm of the subject. The five paths at each length were recorded and integrated. The 

setup can be seen in Figure 4.3. The resulting measurements similar to Table 4.1 are shown 

in Table 4.3.  

0 200 400 600 800 1000
-12000

-10000

-8000

-6000

-4000

-2000

0

Data Index

V
irt

ua
l D

is
pl

ac
em

en
t U

ni
ts

Single Trial of 150mm Return Test



25 
 

 

Figure 4.3 - Setup for single path repeatability on skin test 

 
Path Length 50mm 100mm 

Mean (STD) 3257.00 (118.56) 6460.80 (201.953) 

Percent Error 3.640% 3.126% 

 

Table 4.3 - Table of results from displacement repeatability on skin, each test was repeated 5 times and the 
mean and standard deviation of the measured displacement is shown 

  

Based on the results of the displacement tests it appears that the displacement 

measurement is consistent between trials. The return path tests consistently 

underestimated the net displacement having positive net displacements in all five trials. 
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The skin displacement tests were on relatively flat skin surface and had consistently higher 

errors than on the flat surface. Two reasons might contribute to the displacement error on 

this from this test, the first being the repeatability of the actual test may have been lower 

because the marker lines were thicker, and the second being the arm may have moved 

slightly during the measurement. Most likely the repeatability error is due to the 

repeatability of the test and in future displacement calibrations, more precision motion and 

markers will be used.  

Orientation Calibration 

Calibrating the orientation sensor was more complicated in that we are mostly 

interested in the output of a sensor fusion algorithm as opposed to the output from the 

individual sensors. This led to a two-step calibration process, first to map the raw output of 

the sensors, second to tune the sensor fusion algorithm to give the best response.  

 

 

 

 

 

 

 

Figure 4.4 - Setup for Orientation Calibration and Tuning Tests 
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The first step in the calibration process is to characterize the raw sensor value 

outputs. This process is based off of the calibration method described by described by 

Peter Bartz of AHRS Razor IMU. The values of interest are the minimum and maximum 

Figure 4.5 - Example results of raw response with standard settings 

Figure 4.6 – Another example of results with standard settings and longer 
response time 
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accelerometer values of gravity in each dimension, the average gyroscope offset in each 

dimension, and the ellipsoid transform values from the magnetometer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 The second step in the calibration process is to the tune the control values of the 

DCM Algorithm. The main values that were adjusted are the integral and proportional 

Figure 4.7 - Example orientation response after calibrating for local environment 
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response constants for the yaw angle. The metrics to measure the response include 

overshoot, rise time, settling time, and ringing. The second step in the calibration process 

should be independent of the location and local environment, thus only needing to be 

performed when making system changes.  

 

 

 

Figure 4.8 – Example of control system metrics 

Figure 4.9 – Example of response after first tuning test. Coefficient K_proportional 
twice the standard amount 



30 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.10 - Example of response after second tuning test. Coefficient K_integral ten times 
the standard amount 

Figure 4.11 – Example of response after third tuning test. Coefficient K_proportional ten times 
standard amount  
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Tuning Number Standard 1 2 3 4 

K_proportional 1.2 2.4 1.2 12.0 2.4 

K_integral .00002 .00002 .00020 .00002 .00020 

Table 4.4 - Table showing Coefficient value for various tuning tests 

 The results of the calibration and tuning appear to have significantly improved the 

response of the sensor fusion algorithm. The calibration of the magnetometer to the local 

environment showed the most improvement out of the raw sensor calibrations. When 

tuning the coefficients for the sensor fusion algorithm, the goal was to improve the speed of 

the response, not have any overshoot, and decrease the settling time. Figure 4.9 shows 

Figure 4.12 – Example of response after fourth tuning test. Coefficient K_proportional twice 
the standard amount and coefficient K_integral ten times the standard amount 
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faster response when compared to before tuning by increasing the proportional constant 

by a factor of two. The second tuning, which increased the integral constant by a factor of 

ten, reduced the jitter caused in some tests, but lead to overshooting the actual value. The 

third test increased the proportional response by a factor of 10 which caused a lot of jitter 

in the signal. The fourth and final tuning test increase the integral constant by a factor of 

ten and the proportional factor by two. The fourth tuning appeared to produce the best 

response in terms of low overshoot, fast settling time, and fast rise time. 

A problem that was found when doing this type of comparison between tunings was 

the difficultly in reproducing the exact input rotation for the test. A stopwatch or other 

timer would be useful in helping to control the exact time per degree input rotation. The 

comparison would also benefit from an analysis script that could give performance metrics, 

but due to the non-reparability of the test input, that analysis is still qualitative where it 

should be quantitative and based on metrics. 

PC Software Calibration 

A custom software program, written by Zach DeStefano of the DOSI Lab, was used to 

render the motion of the probe on a model in a virtual environment.  The framework of this 

software is the focus of another project and will not be described in detail. The main parts 

of the software include loading in a 3D mesh, calibrating the rotation and displacement to 

the virtual environment, projecting the measured path of motion onto the surface of the 

mesh, and visualizing the path of motion as well as the optical data measured by the 

system.  
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Chapter 5: Results and Validation 

Flat Surface Tracking 

A flat non-deformable surface was the first test of the motion tracking system. 

Reasons for testing a flat surface included simpler geometry and path projection. Accuracy 

need to be estimated and validated before moving to more curved and deformable surfaces. 

The main flat surface that was used for tracking was an optical phantom with a flat surface. 

This optical phantom was designed with two materials, a background material with specific 

absorption and scattering values, and a 10x absorbing material with the same scattering to 

Figure 4.13 - Exercise Ball Tracking Surface 
with calibration points marked with tape 

Figure 4.14 - Rotated and scaled paths using calibration points on the surface 
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simulate a tumor. The optical phantom was created so that a small cylinder of 10x 

absorbing material approximately 10mm in diameter would be buried 1cm below the flat 

surface. The rest of the phantom would have uniform optical properties. A diagram and 

images of this phantom can be seen in Figure 5.1. Sections of blue tape were placed on the 

top of the surface as calibration markers to appropriately scale the displacement from real 

to virtual units. Typical paths were recorded by first placing the probe on top of a 

calibration marker then moving toward a point of interest or another calibration point.  

 

 The motion of the probe was calibrated by moving the probe directly between two 

calibration points while recording the sensor output. The integrated displacement value 

was then compared to the measured distance which gives a virtual scale factor.  To 

10c
 

Background 
 

10x Absorbing 
 

Figure 5.1 – Buried tumor simulating optical phantom (Top) Diagram of phantom with optical 
properties spatial distribution (Bottom Left) Image used to texture the 3D Scan of the phantom 
(Bottom Right) Probe on the phantom to show scale.  



35 
 

estimate the accuracy of the system, two pieces of tape were placed on the surface to act as 

points with unknown virtual locations. A test was performed which recorded the output of 

the system while moving the probe from one calibration point to the unknown point. This 

test is important because if the intended use of the system is to record the location of a 

measurement, the accuracy and repeatability of the location recording needs to be 

characterized. Images were taken of the surface with a ruler to verify the distances 

between the calibration points and the unknown points. The images of the buried tumor 

phantom showing the unknown points along with measurements are shown in Figure 5.2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2 - Buried tumor phantom images that show the distances between the 
calibration points and the unknown points. The top images show the distance to the 
unknown left point while the bottom show the distance to the unknown right point.  
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To analyze the results of this test, the virtual distance was measured between the 

coordinates of the starting calibration point and the coordinates of the final vertex of the 

path recording. The results of the test can be seen in Figure 5.3 which shows the rendered 

paths, the black paths are the calibrated (scaled and correctly rotated paths) while the red 

paths are purely the sensor recordings without rotation. The quantivative results including 

percent error can be seen in Table 5.1. 

 

 

 

 

 

 

 

 

 

Curved Surface Tracking 

 After testing the accuracy of on the flat surface, the next test was to use a curved 

surface. Two curved surfaces were used to test the motion tracking system, an exercise ball 

and the human lower leg. The exercise ball can be seen in Figure 5.4 as well as the 3D depth 

scan and the resulting textured model.  

 Virtual Length Scale Factor Predicted Distance Measured Distance Error % 

Path 1 5.8817 .08 73.5mm 47mm 56.3% 

Path 2 5.1180 .08 64.0mm 48mm 33.3% 

Path 1 
Path 2 

Figure 5.3- Unknown point estimation (Left) Predicted paths rendered onto the texture of the 
model (Right) Paths rendered in the virtual environment. Path 1 goes from the left most 
calibration point to the left unknown point in Figure 5.2. Path 2 goes from the right most 
calibration point to the right unknown point in Figure 5.2. 

Table 5.1 - Unknown point estimation results 
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 An assessment of accuracy was also done on the exercise ball after calibrating for a 

virtual scale factor and orienting the path to the surface. Unknown points were marked on 

the exercise ball and path recordings were generated while the probe was moving from one 

calibration point to an unknown point. Images were taken of the surface of the exercise ball 

with the unknown points on them to compare the virtual estimates to the real distance. The 

measurements of the unknown points can be seen in Figure 5.5.   

 

Figure 5.4 – Exercise Ball Model (Top Left) Original image that was taken by the 
Kinect and used to texture the 3D depth scan (Top Right) 3D depth information 
taken by the Kinect (Bottom) Resulting 3D textured model, also with an 
example of an uncalibrated path in black and calibrated path in red. 
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 Renderings of the path recordings to the unknown points can be seen in Figure 5.6, 

while the quantitative results can be seen in Table 5.2.  Both paths shown in Figure 5.6 start 

at the bottom left calibration point as seen in Figure 5.5. The numbers generated in Table 

5.2 were generated in the same way as Table 5.1 using the distance between virtual 

coordinates of start and end point of the path recordings.  

 

Figure 5.5 - Images of exercise ball with unknown points and measurements (Top) Measurements 
of distance from the calibration point to unknown point 1 (Bottom) Measurements of distance 
from the calibration point to unknown point 2 
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 The second curved surface that was used was a human lower leg.  The lower leg was 

marked, 3D scanned, and textured. The results of these steps can be seen in Figure 5.7. A 

rendered calibration path is also shown in Figure 5.7 that is a recording of a path where the 

probe starts at one calibration point and goes directly to another to create a virtual scale 

factor.  

 

 Virtual Length Scale Factor Predicted Distance Measured Distance Error % 

Path 1 2.3161 .0823 28.1mm 36mm 21.9% 

Path 2 4.8619 .0823 59.1mm 77mm 23.2% 

Table 5.2 – Unknown point estimation results for exercise ball 

Path 1 

Path 2 

Figure 5.6 – Path recordings from calibration point to each unknown point. Red 
paths are uncalibrated (not oriented to the surface) while the black paths are 
oriented to the surface 
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 The unknown points that were marked on the lower leg can be seen in Figure 5.8. 

Path recordings were taken while moving from the bottom left calibration point unknown 

point 1 and unknown point 2. Renderings of the path recordings can be seen Figure 5.8. 

The path recordings were analyzed in a similar manner as the other accuracy tests by 

taking the distance along with surface between the calibration point and the predicted path 

endpoint. The results of that analysis is shown in Table 5.3. 

 

 

Figure 5.7 – Lower leg 3D Scan (Top Left) Original image taken with the Kinect during 3D 
scanning, with additional black box to show area of interest (Top Right) Depth data taken 
from the Kinect (Bottom) Lower leg textured model shown with two paths 
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Optical Measurments 

One of the main purposes of the motion tracking system is to improve the speed of 

the clinical measurements, this section will show some data comparisons between the  

previous imaging system and the combined fast CW imaging with tracking. The buried 

tumor simulating phantom was used to compare optical measurements between optical 

imaging systems. The combined motion/imaging data collected with high-speed CW system 

and integrated motion tracker was compared to an image taken with the standard FDPM 

DOSI imaging system that collects data at discrete grid points.  Figure 5.9 shows a map of 

 Virtual Length Scale Factor Predicted Distance Measured Distance Error % 

Path 1 1.1312 .12 11.0mm 27mm 59.2% 

Path 2 4.7882 .12 39.9mm 70mm 43% 

Table 5.3 - Unknown point estimation results for lower leg test 

Path 1 
Path 2 

Point 1 

Point 2 

Figure 5.8 – Lower leg unknown points and path recordings (Left) Image of unknown points 
with respect to calibration points (Middle) Path rendering of path recording from lower left 
calibration marker to point 1 (Right) Path rendering of path recording from lower left 
calibration marker to point 2 
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absorption values using the standard Broadband Spectroscopy/FDPM DOSI imaging 

system. The grid was taken with points at 1 cm separation in both directions for a total of 

49 measurement locations in 5 minutes. In Figure 5.9, the same phantom was imaged using 

the fast CW imaging system with 400-500 measurements in 12 seconds. The region of 

interest, shown in the dashed square of Figure 5.9, can be reimaged using a higher density 

of points to further examine spatial sensitivity to the changes in absorption. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Background Material 

10x Absorbing Inclusion 

Figure 5.9 – Optical measurement comparison of tumor phantom (Top Left) Absorption at 800nm 
measurements using the FDPM/Broadband DOSI system (Top Right) Absorption measurements 
with high-speed CW system (Bottom Left) A diagram of the buried tumor simulating phantom 
(Bottom Right) Higher density scan of square in top right.  
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The typical data processing of the FDPM and broadband spectroscopy data taken in a grid 

usually generates an interpolated image that shows the changes in absorption or 

chromophore values depending on the application. The interpolated image created from 

Figure 5.9 is shown in the Figure 5.10. A zoomed in version of that interpolated image is 

also shown in Figure 5.10, which allows for better comparison to the other measurement 

data. The interpolated image created using the data from Figure 5.9 is shown in Figure 5.10  

 

 

 

 

 

 

 

Figure 5.10 - Interpolated maps of absorption data of buried tumor phantom (Top) Absorption map 
generated from grid point measurements (bottom, left) Zoomed in version of absorption map generated 
using grid point measurements (below, right) Interpolated absorption image created using high density 
scan measurements from CW imaging system 
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 The higher resolution that is possible by using a motion tracking system can better 

estimate peak contrast values by ensuring that a region of interest is to be scanned with 

more points. The spatial distribution of optical contrast is of key interest to clinicians in 

estimating the size of tumor regions, to resolve the smaller optical contrast features, 

multiple scans are needed of variable spatial scale. A better measure of the true optical 

contrast gradient can be seen in Figure 5.10.  The buried tumor phantom has an buried 

inclusion the shape of a cylinder with sharp gradients along the surface over the edges of 

the inclusion. The shape of the optical contrast may also be of interest to physicians and 

would require several hours to reproduce the results at high enough density with previous 

FPDM/Broadband Spectroscopy System.  The reduction in total measurement time is due 

to not only being able to measure each location faster, but changing the protocol to first 

doing a course spatial scale scan, then only measuring regions of interest.   

 The position data that was used for Figure 5.9 and Figure 5.10 were based solely on 

displacement and orientation measurements from the Arduino and are without a virtual 

scale factor or orienting the path to the surface. The measurements are used as an example 

of what kind of improvements can be made to the imaging system with the use of motion 

tracking. Improvements gained by having higher spatial resolution are dependent on 

having a system that can accurately record the physical location of a measurement on a 

surface.  
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Chapter 6: Summary and Conclusions 

The goal of this project was to develop a probe tracking system with three functions: 

variable spatial resolution, improved measurement speed, and comparable results in 3D. 

The three functions are achievable with this system as long as the accuracy and 

repeatability can be improved. The goal of variable spatial resolution involves scanning 

over a large area with a coarse path that shows large features and identifies areas that may 

need finer scanning. It has been shown that we can refine scans to improve the spatial 

resolution of the changes that can be measured. This can be seen in the buried tumor 

phantom results which show the increased resolution measurements taken in a shorter 

amount of time. The improved measurement speed is primarily derived from the 

technology development of the fast CW imaging system but the full utilization of that 

technology was not possible without the recognition of the physical location of 

measurement. Even without the improved imaging system, removing the alignment step in 

the breast cancer imaging protocol will reduce the amount of time an appointment lasts. 

With the combination of the tracking and fast imaging systems, it is feasible that breast 

measurements that can take between 45-90 minutes could be done in as little as 10-20 

minutes. The last goal of comparing data in 3D is something that is being addressed with 

the data provided from this system. One area that may be accessible with the advancement 

of motion tracking is the ability to accurately reconstruct three dimensional optical 

property distributions only using a handheld probe. Using available inverse modeling 

software such as NIR-FAST, reconstructions that were only possible with more complex 

imaging system would be possible using DOSI. Combining the 3D geometry with the 

location of many measurements may allow for the accurate quantification of chromophores 
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in three dimensions. Comparing the 3D distribution of chromophore concentrations would 

allow for more accurate monitoring of metabolism tumor as well as comparison with other 

3D modalities such as MRI.  

System Limitations 

  The accuracy calculations ranged from predicted error on a flat surface of 33.3% 

and 56.3% to the exercise ball with 21.9% and 23.2% and the lower leg with 59.2% and 

43%. These numbers are clearly not in the order of magnitude low enough to compare with 

commercial clinical tracking systems. The main areas of errors come in four distinct 

categories, Depth Registration, Texture Application, Sensor Measurement, and Virtual 

Errors.  

Depth registration errors are due to noise in the depth measurement that does not 

reflect the actual surface that is being measured. The Kinect system that we are currently 

using integrates the depth data as the Kinect is moved to smooth out the surface. One 

possible problem with this integration is that when the data is not properly aligned, 

integrating over the whole period can make cumulative errors. One way to address this 

error is to scan the same structure multiple times to reduce the noise level and possibly 

change the integration weight to apply a smoothing function during integration. Texture 

errors can occur when the texture of the image does not properly represent the texture of 

the 3D model; this can occur with various degrees of error when the texture image and the 

pose of the Kinect are in slight disagreement with the depth data. This type of error can be 

fixed by using an edge detection scheme or specific fidicual marker that has a particular 

geometric shape so that the depth scan can be aligned exactly to the texture.  
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Another potential type of error is sensor measurement error. These errors would be 

giving inconsistent displacement values or orientation measurements. The calibration 

steps address these errors to an extent, but when combined with virtual calibration errors, 

the errors may propagate.  Thus more work is needed to quantify and correct the errors. 

Virtual errors are the last step in the process which involves registering the sensor data 

with a known path, as well as placing an unknown path onto the surface. Currently work is 

being done on improving the virtual errors by quantifying the repeatability of the scaling 

and rotation calibration procedures, as well as making sure the path projection has the 

same procedure with a known and unknown path. Improvements to the robustness of the 

projection will help account for small errors in the 3D scanning and texturing process.  

Future Work 

 The accuracy tests and path renderings that were taken while this thesis was 

created used the tracking center, which is the location at which the orientation and 

displacement were measured, as the rendered location of the path. In reality the 

measurement center and tracking center are offset from each other based on the geometry 

of the optical sources and detectors as well as the geometry of the imaging probe itself. 

Some preliminary results of tests recording two simultaneous paths that are offset from 

each other have been taken. Ideally this would help correct the real physical measurement 

location on the skin to the virtual path rendering. 

A few features jump out as obvious next steps in the development and integration of 

this type of system into a clinical environment. The first step in progression would be to 

improve the accuracy and robustness of the projection of paths onto the surface of a 

scanned geometry. The accuracy of unknown points needs to improve dramatically before 
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other features will be available such as changing the spatial density of measurements, 

raster scanning large areas of tissue, and monitoring spatial and temporal changes quickly.  

 In terms of measurements, the next target area of development is to improve the 

speed of the FDPM measurement so that the scattering can be estimated in near real time. 

Currently 450 different measurements are involved in one single FDPM measurement 

which is why it takes around 1.2 seconds to complete. A thorough examination of how 

many measurements are actually needed to maintain data quality could cut down the time 

purely by reducing the number of measurements taken. If the FDPM and CW imaging 

modes could be done a few times a second it would allow for very accurate chromophore 

mapping without assuming that scattering is not changing. In terms of the hardware 

development, the source and detectors for the CW imaging system could be incorporated 

directly into the probe along with the support electronics, this could allow for wireless 

probe that would be easy to use in a clinical setting as well as with motion tracking.  
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