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Abstract 

Fluid distribution is a key indicator for a variety of diseases that become more prevalent as 

we age, such as congestive heart failure (CHF) and nocturia. Current methods to monitor 

fluid distribution rely on infrequent and often self-report measures, which are unreliab le. 

This thesis aims to develop and evaluate a continuous, unobtrusive, and non-invas ive 

alternative method based on the use of pressure sensitive mats (PSM) to accurately measure 

fluid distribution within a patient. We here detail the design of an algorithmic system to 

monitor changes in fluid distribution over time.  

A series of four increasingly complex experiments were performed using PSMs. 

The first three experiments established that PSMs are sufficiently sensitive to detect small 

variations in mass typical of fluid retention observed in CHF patients, where fluid pools in 

the ankles while the patient is vertical and redistributes to the bladder over night while 

horizontal. The final experiment and corresponding algorithm aimed to differentiate when 

an individual exits the bed to: (1) do nothing, (2) void their bladder, or (3) drink as much 

water as was comfortable. A method to automatically segment a person’s pressure image 

into regions of interest (ROI) was developed. Based on the results from a single participant 

in three different postures (prone, supine, and side), the system was able to identify bed 

exits associated with large voids and drinking events (p < 0.05). Small voids were only 

reliably detectable in the prone positon (p < 0.01). These results suggest that this system is 

effective at distinguishing between significant fluid intake and fluid output events, and 

emphasizes the potential for novel non-invasive fluid distribution monitoring systems to 

improve traditional healthcare approaches.  
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1 Introduction 

1.1 MOTIVATION 

In 2011, Statistics Canada reported that the rate of increase in the number of adults over 

the age of 65 (14.1%) surpassed that of both children aged 14 and under (0.5%) and people 

between the age of 15 and 64 (5.7%) [1]. Similarly, the United Nations has reported that 

the number of older adults over 60 is projected to grow by 56% from 2015 to 2035 resulting 

in 1.4 billion older adults worldwide [2]. The growing numbers of older adults worldwide 

is leading to increased prevalence of chronic conditions that cannot be cured but can be 

controlled via treatment.  

 Change in fluid distribution within the body is a key indicator for a variety of 

conditions associated with aging, including kidney failure and congestive heart failure. 

However, current methods to monitor fluid distribution rely on infrequent and often self-

report measures, which are unreliable. This thesis focuses on the implementation of a non-

invasive and unobtrusive pressure measurement system for monitoring fluid distribution 

within the body. Fluid distribution encompasses both monitoring internal fluid variations 

that can be caused by swelling as well as the detection of drinking and voiding events.  

 Kidney disease effects about 3 million Canadians [3] and occurs when the kidneys 

are unable to filter blood effectively leading to edema (swelling) around the lungs, ankles, 

legs, and feet [4].  This can be caused by a variety of conditions including heart disease, 

which affects 22 million worldwide [5]. Specifically, heart failure (HF), results from the 

heart being unable to sustain the necessary blood flow throughout the body due to damage 

to the heart tissue [6]. The heart may compensate for the lack of flow by increasing its 
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workload to account for the decrease in blood pressure in order to pump blood throughout 

the body. Reduction of cardiac effectiveness leads to reduced kidney perfusion and kidney 

function and hence fluid overload, known as congestive heart failure (CHF) [6].   

 One consequence of fluid redistribution is nocturia, affecting more than 50% of 

individuals over the age of 60 [7]. Nocturia is defined as a person getting up more than two 

times to void their bladder over the course of a single night [7]. Frequent night-time bed-

exits can have negative implications on sleep quality, sometimes leading to sleep disorders, 

and thus negative effects on an individual’s overall health [8].  

 Many of these conditions are manageable by using a combination of medical 

therapies and monitoring methods. The implementation of long-term non-invasive and 

unobtrusive monitoring methods has the potential to replace current monitor ing 

technologies. Current methods are invasive/intrusive, time consuming, inaccurate due to 

patient adoption and compliance, and are only available in hospitals/continuing care 

facilities. Implementing novel technologies in patients’ homes can provide the necessary 

monitoring measurements to the appropriate health care practitioner while maintaining a 

person’s independence [9]. 

1.2 OBJECTIVES 

The main objective of this work is to evaluate the feasibility of current pressure sensitive 

mat (PSM) technologies and their ability to detect very small internal changes associated 

with fluid distribution. The algorithms developed here use image processing techniques to 

extract regions of interest (ROI) from the pressure response and compare the pressure in 

corresponding regions before and after fluid distribution changes. A series of increasingly 
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complex experiments were designed and conducted, where each experiment more closely 

approaches an actual deployment of a PSM in a clinical or home environment. 

1.3 PROBLEM STATEMENT 

Can PSM technology be used to detect and track small internal variations in weight, 

representative of fluid distributional changes, in the human body? Is it then possible to 

develop a system based on PSMs to monitor and track fluid distribution as an indicator of 

chronic health conditions, where current monitoring techniques can be obtrusive and/or 

inaccurate?  

1.4 SUMMARY OF CONTRIBUTIONS 

All human experiments in this thesis were approved by the Carleton University Research 

Ethics Board (approval #10343-0230). 

 This thesis was conducted in several stages of research. As indicated below, many 

of the contributions made in this thesis have been published. These papers form the basis 

for the material presented in Chapter 4 to 7.  

1. The first step to evaluate if the PSMs were able to detect small variations in mass was 

to create an idealized testing environment. This was done by first isolating the pressure 

mat on a rigid support surface (floor) and then removing all noise that is associated 

with the human body. This was achieved by creating an anthropomorphically correct 

human body model based on measurements from an older adult female. This is the 

first contribution of this thesis. Chapter 4 summarizes the model creation and 

validation, and was published in the following conference paper and poster 

presentations:  
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• M. Cohen-McFarlane, J. R. Green, R. Goubran, and F. Knoefel, “Characterization of 

Measurements from Pressure Sensitive Mats using an Anthropomorphic Body 

Model,” in Proc. IEEE Int. Instrum. Meas. Technol. Conf. (I2MTC), 2016, pp. 1–4. 

[10] 

• M. Cohen-McFarlane, J. R. Green, F. Knoefel, and R. Goubran, “Characterization of 

Fibre-Optic Pressure Mats for Long Term Patient Monitoring.” Bruyere Research 

Institue, Ottawa, 2015. [11] 

2. The second contribution (see chapter 5) focused on modeling fluid retention by 

applying an external mass (50-600g) to the model at key locations on the lower body 

(ankle, shin, knee, thigh and abdomen). This mass represented fluid retention due to 

CHF. This work was published in the following conference paper and poster 

presentation:  

• M. Cohen-McFarlane, J. R. Green, R. Goubran, and F. Knoefel, “Monitor ing 

Congestive Heart Failure using Pressure-Sensitive Mats,” in Proc. IEEE Int. Symp. 

Med. Meas. Appl. (MeMeA), 2016, pp. 1–6. [12] 

• M. Cohen-McFarlane, R. Goubran, F. Knoefel, “Unobtrusive Monitoring of 

Congestive Heart Failure.” AGE-WELL AGM, Montreal, 2016. [13]  

3. The third contribution (see chapter 6) has yet to be published, but focuses on the 

application of an updated processing procedure, including a basic region of interest 

selection tool. Data were also collected from human participants based on a similar 

testing protocol used in the second contribution of this thesis. 

4. Contribution four (see chapter 7) aimed to determine if the PSM was able to detect 

internal changes in fluid distribution. This included an investigation of internal fluid 
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changes by introducing drinking and bladder voiding events between periods of the 

participant lying on a mattress placed on top of the PSM. The preliminary results were 

published in the following conference paper:  

• M. Cohen-McFarlane, J. R. Green, R. A. Goubran, and F. Knoefel, “Smart Monitoring 

of Fluid Intake and Bladder Voiding using Pressure Sensitive Mats,” Proc. IEEE Eng. 

Med. Biol. Soc, pp. 4921–4924, 2016 [14] 

5. At the outset of this thesis, fibre-optic PSM were readily available in the lab and were 

used in contributions one and two (Chapter 4 and 5). While investigating the third 

contribution (Chapter 6), two new PSMs became available. At this point, it was 

decided to compare the three different PSM based on their metrological properties. 

This comparison is summarized in chapter 4 and was published in the following 

conference paper.  

• S. Nizami, M. Cohen-McFarlane, J. R. Green, and R. Goubran, “Comparing 

Metrological Properties of Pressure-Sensitive Mats for Continuous Patient 

Monitoring,” in Proc. IEEE Sensors Applications Symp. (SAS), 2017, pp. 1–6. [15] 

1.5 THESIS STRUCTURE 

This thesis is organized into eight chapters. Chapter 2 includes a detailed background of a 

number of health conditions associated with changes in fluid distribution, a description of 

current pressure sensitive technologies, and a summary of related work. This is followed 

by an overview of the thesis and a summary of the final experimental results in Chapter 3. 

Chapters 4-7 detail the process by which the final experiment was designed through a series 

of increasingly complex and realistic experiments. Chapter 7 provides a more detailed 

explanation of the final algorithm, including region-based pressure analysis, pressure 
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response creep compensation, results, and discussion. Chapter 8 provides conclusions from 

this thesis and proposes a number of possible areas for future work.  
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2 Background 

2.1 INTRODUCTION 

The following sections contain the literature review. A summary of potential health 

conditions that present with variations in fluid or distribution is provided to illustrate the 

potential applications of a system that can more accurately monitor these variations. Non-

invasive and unobtrusive monitoring is described within the context of health care and 

related work utilizing PSMs is also described.  The underlying principle of the three main 

PSM technologies considered are also described, as they were each considered for 

experimentation.  

2.2 HEALTH CONDITIONS OF INTEREST  

A growing concern worldwide is that our populations are ageing, leading to a growing 

number of older adults in our communities. The United Nations has reported that there 

were 841 million older adults (>65 yrs) in 2013 and that the older adult population is 

projected to increase to 2 billion by 2050, the highest it has ever been [16]. In Canada, the 

older adult population is projected to be 24.5% of the population by 2036 [17].  

As adults age, they become more susceptible to a variety of health conditions. In 

Canada, the older adult population accounts for 40% of acute hospital stays, the most 

common cause being cardiac-related conditions [18]. There are currently 1.3 million 

Canadians (22 million worldwide) living with heart disease, 23% of which lead to long 

term hospitalizations. This costs the Canadian economy approximately 30 billion annually 

[5], [19]. 
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2.2.1 CONGESTIVE HEART FAILURE 

One of the most common forms of heart disease is heart failure (HF). In this condition, 

heart tissue is damaged and the heart is therefore unable to pump blood as effectively and 

maintain blood flow to the body [20]. To compensate and maintain blood pressure, the 

heart increases its workload which can lead to heart palpitations, increased HR, and further 

heart tissue damage and death if not treated. Symptoms of long term reduction in cardiac 

effectiveness include fatigue, nausea, lack of appetite, difficulties breathing and lower 

extremity edema (fluid accumulation/retention) [21]. Reduction of blood perfusion to the 

kidneys leads to decreased kidney function causing fluid retention and overload. This fluid 

retention causes edema around the lungs and in the lower extremities, both of which are 

indications of congestive heart failure (CHF).  

The current method of CHF monitoring in a hospital setting is daily weighing to 

determine fluid retention. If a person at risk of fluid overload gains more than one to two 

kg over one to two days, they are at increased risk of decompensation (i.e. organ failure) 

[22]. This method is imprecise because the measured weight gain could be from other 

causes. Furthermore, when weight is due to fluid accumulation this method is unable to 

identify the location of the moving fluid overload. The gold standard for fluid distribution 

monitoring uses dilution techniques to measure the total body water and extracellular water 

[23]. Dilution methods are highly affected by patient compliance, technical limitations and 

practical implications associated with daily use [23]. Alternatively, the daily weighing at 

home is fraught with difficulties of compliance, data collection, and remembering to bring 

the measurements to your next doctor’s appointment. Therefore, a portable repeatable and 

non-invasive method for estimating the body fluid distribution is desired [23]. Due to the 
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aforementioned issues, these variations in weight are therefore not always identified early 

enough, resulting in acute CHF and long hospitalizations. Continuous non-invas ive 

monitoring of fluid distribution may identify changes in fluid distribution earlier and thus 

reducing hospitalizations. 

2.2.2 NOCTURIA 

The identification of small mass variations and fluid monitoring have applications in other 

health conditions such as nocturia, when a person needs to urinate (micturition) more than 

two times over night, thereby interrupting sleep. Nocturia is more common in older adults 

affecting more than 50% of individuals over the age of 60. Interruptions in sleep can lead 

to poor sleep quality with potential long term negative effects on an individual’s overall 

health [8]. It has also been reported that individuals with nocturia have higher rate of 

morbidity [24]. 

There are many potential causes for nocturia, the most relevant to this thesis being 

the strong connection between CHF and nocturia. In CHF, the fluid that collects in the 

ankles over the course of the day is distributed back to the trunk when in the horizonta l 

position, where it is detected as fluid overload and filtered by the kidneys. This increased 

urine production at night is one cause of nocturia. [8]. Other causes include urologic 

disorders (e.g. prostate or bladder obstructions) and non-urologic disorders (e.g. sleep 

disorders and drinking water before bed) [24].  

Current methods to monitor and identify nocturia for treatment are based on a self-

reported questionnaire, where the number of toilet visits are collected [7] [25]. This is most 

commonly done using a frequency volume chart (FVC) completed by patients at home 

[24]. The FVC is generally accepted as a method of identifying voiding issues, however 
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patient compliance is a tremendous issue, especially with older adults who have conditions 

affecting memory such as dementia [26]. Furthermore, self-reporting is a participat ive 

measure that is entirely dependent on each individual’s capability to remember the number 

of times they exited the bed over the course of a single night, which is difficult for many 

people [25]. Based on this, a more accurate method of bed exits and toilet visits is needed  

in order to identify and hopefully minimize the symptoms of nocturnal voiding and 

therefore improve quality of life for affected patients [8]. 

2.2.3 KIDNEY FAILURE  

Kidney failure or acute renal failure occurs when the kidneys are unable to excrete waste, 

concentrate urine, conserve electrolytes and maintain fluid balance [4]. As mentioned in 

the CHF section, this leads to edema (swelling) due to the body’s inability to excrete excess 

fluid. The fluid can pool around the lungs, in the ankles, legs and/or feet. There are many 

causes of kidney failure, CHF being only one of them [4]. The wide variety of causes of 

kidney failure may lead to more applications of a system that can monitor fluid distribution 

variations, such as the one discussed here.  

Current treatment methods include renal transplants and replacement therapy. The 

latter can be categorized into two general types [27]. The first is hemodialysis, where blood 

is passed through a semi-permeable membrane to remove waste products and is then 

returned to the body [27]. This treatment can’t remove fluid, so ultrafiltration is needed 

(via transmembrane pressure) to remove excess fluid that the kidneys are unable to 

eliminate. The volume of fluid removed or added is essential in determining if treatments 

are appropriate and during treatment these measurements are recorded. However, fluid 

distribution is not known when an individual is not undergoing treatment. The use of a 



  11 

 

PSM system that could monitor fluid distribution when one is not undergoing treatment 

may be able to provide even more detailed information of when there is too much interna l 

fluid buildup and hence a dialysis treatment is needed. 

The second therapy is peritoneal dialysis, which uses the peritoneum (layer of tissue 

that lines the abdomen and covers all organs) as the semipermeable membrane. Dialys is 

fluid is infused into the peritoneal space. This method does not need an external blood 

circuit and therefore can be used for longer periods of time. The long-term application of 

a PSM during a peritoneal dialysis treatment may allow for mapping between the pressure 

response and the measured fluid input and output (in liters) [27]. 

2.3 PATIENT MONITORING 

Many of the current methods of diagnosis and remote monitoring can be highly invasive 

to the patient, time consuming to the medical professional, and costly to the health care 

system. Unobtrusive and non-invasive measurement technologies aim to supplement and 

potentially replace some of these invasive methods. Non-invasive remote monitor ing 

techniques have been developed for the collection of a range of physiological data 

including: breathing rate [28], [29], blood pressure [30], heart rate (HR) [29]–[31], weight 

[29], activities of daily living [29], mobility [32]–[34],and sleeping patterns [35]. We have 

also explored the use of sensor networks to instrument a smart apartment for monitor ing 

activities of daily living [36].  

2.4  PRESSURE SENSITIVE MATS 

There has been a growing interest in pressure sensor technologies as they apply to non-

invasive and unobtrusive patient monitoring. These pressure sensors, called sensels, are 
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usually organized into an equally spaced matrix. The resulting PSMs have been used to 

monitor both long-term continuous measurements and short-term measurements. PSMs 

have been applied to monitor a variety of clinical conditions in a hospital setting and in the 

patient’s home. Placement of the PSM can be between a mattress and a bedframe for 

overnight monitoring (Figure 1), on a seat for posture monitoring, or embedded into 

another technology such as a wheelchair cushion in order to monitor the development of 

pressure soars. The work described in this thesis focuses on PSM applications associated 

with in-bed monitoring, as summarized in Figure 1.  

 

FIGURE 1. PSM OVERVIEW SET UP FOR DATA ACQUISITION, ANALYSIS AND VISUALIZATION 

Babbs et.al. first described the application of PSMs to health monitoring in 1990, 

where they described the resulting contact pressure due to a patient lying on a PSM on top 

of a hospital bed [37]. The basic concept of PSMs is based on the average contact pressure, 

P, distributed over the contact area of the object, A, on a PSM loaded with a force, F, is 

defined by the following equation. 

(1)           𝒫 =
ℱ

𝒜
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This pressure response at each sensel can be visualized in the form of a heat map 

highlighting high and low pressure areas associated with the body’s position (Figure 1- 

right). 

PSMs have been used to monitor patients at home, in continuing care facilities, and in 

hospitals for a variety of health conditions. Our lab and others have used pressure sensitive  

measurement technologies to characterize sleep quality [38], [39], older adult mobility 

[29], sleep apnea detection [38], [40], and bed exit/re-entries over the course of a night 

[41], [42]. 

Novel sensors are being developed that are being embedded into fabric. For example, 

Google’s Project Jacquard has partnered with Levis ® to weave conductive thread into 

garments activated by touch and gestures [43], [44]. In another example, a pressure 

sensitive bed sheet is being developed by studio1labs for monitoring the positiona l 

information of neonatal patients [45]. The algorithms developed for this thesis are designed 

to be compatible with any pressure measurement technology, meaning that new and more 

sensitive technology could be used in the future.  

What follows is a description of the three PSM technologies used in this thesis. 

2.4.1 FIBRE-OPTIC SENSORS  

S4 Sensors Inc. (previously Tactex) PSMs are embedded with Kinotex ™ fibre-optic 

sensors (Nitta Corp., Osaka, Japan) that measure the pressure response to an applied force.  

Each sensel consists of a sensor-emitter diode pair surrounded by foam. When force is 

applied, the foam compresses reducing the amount of refracted light that is measured by 

the sensing diode. This change in detected light is converted to a unitless representation of 

pressure response, which is then used for analysis.  
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The total sensing area comprised nine equally spaced 80x25cm PSM containing 24 

fibre-optic sensor-emitter pairs each. The sensels were spaced at 10x10cm, resulting in a 

spatial resolution of 0.012 sensels/cm2.  Each PSM was connected to a computer via 

Bluetooth using a data acquisition device. All data were sampled at 20Hz with a digita l 

resolution of 16 bits. 

2.4.2 PIEZO-RESISTIVE SENSORS  

Tekscan (Tekscan, Boston, USA, tekscan.com) uses piezo-resistive ink in their HUGE 

MAT 5400N sensor. Their Body Pressure Measurement System (BPMS™) software suite 

handles data acquisition and visualization. Tekscan™ pressure sensors operate based on a 

decrease in contact resistance when external pressure is applied to a sensel [46], [47]. 

Specifically, each sensel is composed of two thin sheets of flexible polyester [47], [48]. 

Electrically conductive silver traces are printed on each sheet, one arranged in rows and 

the other in columns. A patented semi-conductive material is printed on top of all silver 

trace columns and rows [47], [49]. The two sheets are then laminated, creating an array of 

sensing elements at each intersection of rows and columns called sensels [47], [49]. When 

pressure is applied across the array of sensels, the contact resistance decreases and is 

converted to a pressure measurement by the Tekscan™ BPMS software [50], [51].  

The HUGE MAT has a 58x88 cm sensing area that contains 1768 sensels (0.7 x 0.7 

m each) 1 cm apart on both the x and y axes. This results in a spatial resolution of 0.3 

sensels/cm2. The PSM was connected to a computer for data collection via a USB port 

using the Tekscan™ ‘Evolution Sensor Handle’. All data collection was performed using 

the BPMS™ software at an 8 bit digital pressure resolution and sampled at 2 Hz [50].  



  15 

 

2.4.3 CAPACITIVE SENSORS  

XSensor (XSensor Technology Corp. Calgary, Canada, XSensor.com) uses capacitive 

technology in their LX100:36.36.02 PSM to measure the pressure response to an applied 

force. The main operating principle is based on increasing and decreasing the conductivity 

between two conductive elements [52]. Two sheets of parallel conductive strips separated 

by a thin compressible elastomer are arranged perpendicular to each other to create a grid 

of capacitive intersections called sensels [52]. The capacitance at each sensel is derived 

from the surface area of the intersection in conjunction with the separation between the two 

strips defined by the compression of the elastomer [52]. As the elastomer is compressed, 

the strips get closer together and cause an increase in capacitance [52]. The resulting 

capacitive measurements are correlated to pressure measurements via the built - in 

calibration procedure provided by XSensor [53].  

The LX100 has a 45.7x45.7 cm sensing area that contains 1296 equally spaced 

sensels, resulting in a spatial resolution of 1.27 sensels/cm2 [53]. The PSM was connected 

to a computer via a USB port. All data collection was performed using the XSensor data 

collection software at a 16 bit resolution and was sampled at 1Hz, however the sampling 

rate was adjustable [53].  

2.5 RELATED WORK  

What follows is a discussion of related applications of PSM for patient monitoring and a 

discussion of current monitoring methods for the clinical conditions introduced earlier in 

this chapter. Our lab and others have worked with PSMs to evaluate a variety of hea lth 

related factors. Specifically they have been used to measure balance and mobility [54], 

[35], [55], risk of pressure ulcers [35], [56], sleeping patterns [57], [32], bed occupancy 
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[58] and sit-to-stand movement [59], [60], [55]. The fiber optic based PSMs have been 

implemented clinically to monitor long term sleeping patterns and health [32], [35], [61]–

[66]. Sleep disordered breathing is another area of research in our lab were the PSM are 

able to monitor breathing patterns during sleep [64], [65], [67], resulting in an effective 

algorithm for the detection of central sleep apnea. 

 Current methods to monitor fluid distribution are generally specific to the condition 

in question. For patients with CHF, daily weights are taken, at home or in hospital, and 

then submitted to the health care provider to identify if an intervention is needed [22]. For 

patients with nocturia, the patient is asked to recall how many times they left the bed to 

void their bladder every night. This record is then given to the health care provider at their 

next appointment [25]. For patients with kidney failure, the amount of fluid added and 

removed from their system is recorded during treatment sessions [27].  

More recently, bio-impedance methods have been proposed to monitor fluid 

distribution. Bio-impedance was developed from electrical impedance therapy (EIT), 

where electrodes are equally spaced around the area of interest [68]. The resulting current 

flow is captured based on the impedance of the biological tissue of interest and associated 

input frequency [68]. When looking at fluid, higher frequency inputs are desired, the 

current passes through all cell membranes (acting as capacitors) and the current response 

is dependent on the fluid both inside and outside the cells in the physiological area of 

interest [68]. This method has been proposed to measure the fluid-build up in the thoracic 

region for patients with CHF [69]. Though these results are promising, this method of fluid 

monitoring is not unobtrusive, due to the necessary electrodes. Furthermore, bio-

impedance measurements are most commonly available in a hospital or health care setting. 
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Both of these factors make long-term bio-impedance measurements difficult and infeas ib le 

at this time, especially in the home.  

A number of groups have proposed and developed CHF continuous monitor ing 

systems. Fannucci et al have proposed a smart home monitoring system to track the vital 

signs of CHF patients. The system collects vital signs and sends them to the Hospital 

Information System to be evaluated by physicians [30]. Vital signs include 

electrocardiogram, SpO2, blood pressure, and weight [30]. This system aims to reduce the 

number of in-person visits needed by each patient, while maintaining the necessary health 

tracking associated with individuals with CHF [30]. While this system represents important 

progress towards home monitoring of patients with CHF, it requires active patient 

compliance. Furthermore, a non-contact solution would be preferable. 

Telehealth frameworks have also been proposed for use in continuous monitor ing. 

Clark et al. has proposed such a system to monitor CHF patients at home [31]. The system 

made use of digital scales, which wirelessly communicate the patient’s daily weight to a 

heart failure clinic via computer or fax. This monitoring framework has been shown to 

improve patient outcomes [31]. However, this technology again relies on patient 

compliance and is affected by external factors such as clothing. 

Huppert et al. have proposed an ambulatory sensor system to monitor bed exits and 

urination events using a sensor watch (Somnowatch Plus) and a room occupancy monitor 

(HOBO) located in the bathroom. This is a non-invasive system and the authors reported a 

false detection rate of 0.33 ± 0.09. Based on the two sensor measurements proposed, it is 

difficult to differentiate between a true urination event after an individual entered the 

bathroom and, for instance, an individual sitting down and brushing their teeth. 
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Additionally, continually wearing the watch sensor can be bothersome and individuals may 

not be comfortable sleeping with such a device. If the device is removed for the night, the 

chances of remembering to put it on when woken because of bladder pressure are low. 

Furthermore, the introduction of non-invasive measurement technologies in the home may 

be able to reduce health care costs associated with the aforementioned conditions by 

allowing individuals to safely stay in their own homes.  

2.6 CONCLUSIONS  

This chapter has discussed clinical conditions that are relevant to fluid distribution 

monitoring (CHF, nocturia and kidney failure). The three PSM technologies that are used 

in this thesis were described (fibre-optic, piezo-resistive and capacitive). Lastly, a 

discussion of previous work that utilized PSMs to monitor individuals for a variety of 

purposes was provided.   
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3 Summary of Experiments 

3.1 INTRODUCTION 

This chapter provides a preview summary of the experimental protocol and results relating 

to the final contribution of this thesis. This is done to emphasize the end-goal: to determine 

if a PSM is able to detect internal fluid distribution variations within a body over time. This 

chapter details the experimental progression, where each experiment presented in this 

thesis increases in complexity and realism culminating in the final experiment. A summary 

of each experiment is provided here, while details are provided in Chapters 4 – 7.  

3.2  PREVIEW OF FINAL EXPERIMENTAL RESULTS  

3.2.1 METHODS 

The Tekscan BRE5400-1 resistive ink PSM was placed directly on the floor and a futon 

mattress (15 cm thick) was placed on the PSM (Figure 2). The Tekscan BPMS system was 

used for all experimentation under these conditions. The top of the PSM was aligned with 

the approximate location of the subject’s shoulders and the bottom aligned with the upper 

thigh when the participant was in a prone or supine position. Due to the size (58x88 cm) 

of the PSM, the entire body of the participant was not captured. This was deemed to be 

acceptable since the principle region of interest pertaining to fluids is the abdomen, where 

both the bladder and the stomach are located. Future work may include data acquisit ion 

using a full-body Tekscan PSM to capture the entire human body. For this experiment, a 

pillow was placed on the mattress for the participant’s comfort (outside of the sensing area).  
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FIGURE 2. EXPERIMENTAL SET UP (LEFT) AND PSM POSITION WITH RESPECT TO THE MATTRESS (RIGHT ) 

A single female participant (24yrs, 5’7”, and 130lbs) was asked to participate and vary her 

internal fluid distribution. The chosen method of inducing internal fluid changes was 

asking the participant to drink as much water as they were comfortable, followed by lying 

in a single position on the mattress until they felt the need to void. The participant was 

asked to get up from the PSM repeatedly throughout the experiment to either: (1) do 

nothing, (2) void her bladder or (3) drink as much water as was comfortable (~1L). The 

full testing procedure is outline in Table 1.  The PSM was recording throughout the entire 

experiment at a sampling rate of 2Hz with 8 bit digital resolution. This procedure was 

repeated while the same participant was lying in prone, supine, and side position.  

This experiment used the resistive PSM, however preliminary work used the fibre -

optic PSM as described in the following chapters. The fibre-optic PSM technology was 

initially chosen for its ability to cover the entire body and the fact that the fibre-optic PSM 

had been characterized by previous students in our lab. The resistive mat was chosen for 

the final experiment due to the substantial increase in spatial resolution (a sensel separation 

of 1.7 cm vs. 10 cm), at the cost of full body coverage. Because the final experiment was 
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most interested in the trunk of the body and the pressure response due to the limbs was not 

necessary, the resistive PSM with a higher spatial resolution was deemed appropriate under 

these conditions.  

TABLE 1. EXPERIMENTAL METHODS 

Participant Status Duration Purpose 

On mattress  10 minutes Initial baseline bladder volume. 

Off mattress 2 minutes Simulates bed exit not involving fluid 

distributional changes. 

On mattress  10 minutes  Negative control session. No significant 

change in pressure should be observed 

relative to previous session.  

Off mattress  Approx. 5 minutes  Participant was asked to void her 

bladder. 

On mattress  10 minutes  Pressure response associated with empty 

bladder after small bladder voiding 

event. 

Off mattress Approx. 5 minutes Participant was asked to drink as much 

water as she was comfortable (~ 1L). 

On mattress  60 minutes Pressure response associated with fluid 

distribution from the imbibing event.  

Off mattress  Approx. 2 minutes Participant was asked to void her 

bladder. 

On mattress 10 minutes Pressure response associated with empty 

bladder after large bladder voiding 

event.  

Off mattress 2 minutes Simulates bed exit not involving any 

fluid distributional changes 

On mattress  10 minutes  Negative control session – no change 

should be observed from previous 

measurement.  
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3.2.2 SUMMARY OF RESULTS  

 Pressure data were saved in units of PSI and were exported as CSV files. All data 

analysis was performed in MATLAB, as described in Chapter 7. Data were smoothed using 

digital filtering, as detailed in Chapter 7 and thresholding methods were used to identify 

bed entrances and exits. The pressure data were adjusted based on a first difference creep 

normalization algorithm, as described in Chapter 7. The results were then spatially 

averaged across the entire PSM (Figure 3) across regions of interest (ROIs) that were 

selected based on the ROI identification algorithm described in Chapter 7. 

FIGURE 3. PRONE PRESSURE RESPONSE FOR THE WHOLE FRAME; FILTERED (BLUE) AND CREEP-

CORRECTED (ORANGE). PRESSURE RESPONSE FOR THE ROI SEGMENTS ARE ALSO SHOWN FOR TORSO 

YELLOW), HIP (PURPLE), AND UPPER LEGS (GREEN).  
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The ROI segmentation identifies two to three of these regions depending on the 

position of the participant during testing sessions. The subject’s pose was recorded here, 

but pose can also be determined directly from PSM data [32]. 

Figure 3 displays the filtered spatial average pressure response over the whole 

frame and the regions of interest for the entire testing procedure when the subject was in 

the prone position. The small bladder void, water intake and large fluid void are all visually 

differentiable when looking at the whole frame data (Figure 3– Orange). This is even 

clearer when looking at the torso region (Figure 3 – Yellow). For each sensor-occupied 

session (i.e. a period of time when the subject was on the PSM), the temporal average was 

calculated and the percent difference between the current session and the previous session 

was calculated based on Equation (2).  

(2)            

Where p(i) is the average pressure of the whole frame for each ROI segment for the 

current sub-session and p(i-1) is the average pressure of the whole frame or for each ROI 

segment for the previous sub-session, as summarized in Table 2. The summary table and 

figure were also generated for the supine and side positions which are included in Chapter 

7. 

In order to determine if these percent changes between consecutive sessions were 

significant, random sampling was performed over each sensor-occupied session in order to 

perform an ANOVA statistical analysis with a null hypothesis that the pressure response 

from each sensor-occupied session was the same. A pairwise comparison was then 

performed using MATLAB’s built in function ‘multipcompare’ to determine if each 
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loading period was statistically different from each other sensor-occupied session. The 

resulting multi-factor comparison is summarized in Table 3 for the torso region. 

TABLE 2. PRONE POSITON TEMPORAL AVERAGE PRESSURE RESPONSE FOR EACH SENSOR-OCCUPIED SESSION 

SUMMARY  

Posture 
Prone (Stomach) 

Region Whole 

Frame 
Torso Hips Upper Legs 

S
u

b
- 

S
es

si
o
n

 

Initial 
0.101 %∆ 0.024 %∆ 0.037 %∆ 0.015 %∆ 

No-Change 
0.107 6.07 0.024 -0.01 0.039 0.05 0.015 -0.01 

Small Void 
0.091 -21.0 0.019 -0.25 0.034 -0.16 0.012 -0.22 

Drank 1L 
0.103 8.57 0.024 0.21 0.035 0.04 0.012 -0.01 

Large Void 
0.092 -7.92 0.021 -0.15 0.035 -0.00 0.011 -0.10 

No-Change 
0.088 -0.41 0.021 0.01 0.036 0.01 0.010 -0.05 

 

For each combination of sensor-occupied sessions, a p-value was calculated to 

quantify the significance of their observed difference in mean pressure. The comparisons 

of consecutive sessions are highlighted to emphasize that corresponding sessions with no 

change were not statistically different (p > 0.05) and the corresponding sessions when fluid 

changes did occur are significantly different (p <0.05) (Table 3). This table was created for 

each position and each pressure region of interest (whole PSM, and each segmented ROI) 

and is included in Chapter 7. 
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TABLE 3. PIECEWISE COMPARISON BETWEEN EACH SUB-SESSION (PRONE – TORSO ROI) 

Prone - Torso ROI 

S
u

b
-S

es
si

o
n

 

S
u

b
-S

es
si

o
n

 

L
o
w

er
 li

m
it

 o
f 

9
5
%

 C
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D
if

fe
re

n
ce

 

b
et

w
ee

n
 

es
ti

m
a
te

d
 

g
ro

u
p

 m
ea

n
s 

U
p

p
er

 l
im

it
 o

f 

9
5
%

 C
I 

p
-v

a
lu

e 
 

1 - Initial 2 - After 1st 

No Change 

-0.00 0.00 0.00 0.93 

1 3 0.00 0.01 0.01 0.00 

1 4 -0.00 0.00 0.00 0.99 

1 5 0.00 0.00 0.00 0.00 

1 6 0.00 0.00 0.00 0.00 

2 - After 1st 
No Change 

3 - After 
Small Void 

0.00 0.01 0.01 0.00 

2 4 -0.00 -0.00 0.00 0.99 

2 5 0.00 0.003 0.00 0.00 

2 6 0.00 0.00 0.00 0.00 

3 - After 

Small Void 

4 - After 

Drinking 

-0.01 -0.01 -0.00 0.00 

3 5 -0.00 -0.002 -0.00 0.00 

3 6 -0.00 -0.00 -0.00 0.00 

4 - After 

Drinking 

5 - After 

Large Void 

0.00 0.00 0.00 0.00 

4 6 0.00 0.00 0.00 0.00 

5 - After 
Large Void 

6 - After 2nd 
No Change 

-0.00 -0.00 0.00 0.27 

3.2.3 CONCLUSION 

As can be seen above, we were successfully able to detect changes in fluid status 

associated with drinking and bladder voiding when the participant was in a prone positon. 

The results from testing when the participant was in the supine and side positions are 

summarized and discussed in Chapter 7. A description of the first difference creep 

compensation algorithm and the ROI segmentation algorithm is also detailed in Chapter 7. 
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The ability to detect small internal fluid changes has obvious implications in 

monitoring of conditions such as nocturia, where it would be possible to keep count of how 

many bed exits and entries were associated with bladder voiding events. Applying our 

algorithm to monitor fluid distribution as an indicator of fluid retention that occurs with 

many individuals presenting with CHF would be a possible next step for this research.  

3.3 OVERVIEW OF EXPERIMENTS 

What follows a brief description of the series of experiments conducted during this thesis 

research. Each experiment increases in both complexity and realism, ultima te ly 

culminating in the results described above.  

3.3.1 CONTRIBUTION 1 – PROOF-OF-CONCEPT USING ANTHROPOMORPHIC MODEL 

Contribution 1 is detailed in Chapter 4. This chapter describes the development of an 

anthropomorphic human body model and the evaluation of three different PSM 

technologies for the purpose of patient monitoring. 

3.3.1.1 CREATION OF THE ANTHROPOMORPHIC HUMAN BODY MODEL  

In order to reduce the impact of external factors known to effect pressure sensors, ideal 

conditions were established as a baseline for all subsequent experimentation. The PSM was 

placed directly on the floor to eliminate the effect of non-uniform bed frames. The mattress 

was removed to eliminate the spatial distribution of contact pressure. With a real human 

subject, we expect to observe both large movements (shifting on the PSM) and minute 

movements (e.g. breathing, twitching). These movements could impact observed contact 

pressure. It is also difficult to recruit human subjects for prolonged experiments. Therefore, 

an anthropomorphic human body model was created in order to eliminate all movements.  
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3.3.1.2 SENSOR COMPARISON AND SELECTION 

A sensor comparison between three pressure sensitive technologies was performed to 

determine which underlying technology would be the most appropriate for this thesis. The 

meteorological properties of each PSM were characterized. Although the results of this 

comparison suggest that the XSensor capacitive PSM may be optimal, was not used for 

further evaluation, since it was only available for a short period in November 2016. 

Ultimately, we made use of the best available PSM system at any given time. Hence, the 

PSM used changed as research progressed.  

3.3.2 CONTRIBUTION 2 - SYSTEM VERIFICATION USING THE MODEL AND EXTERNAL 

MASS 

Contribution 2 is detailed in Chapter 5 and involved the first experiment that was designed 

to evaluate the ability of a PSM to detect small changes in fluid mass. The anthropometr ic 

human body model was placed directly on the fibre-optic PSM, which was placed directly 

on the floor. A model of the excess fluid typical of that retained by patients suffering from 

CHF was created with a mass of 400g. This external mass was placed at key locations 

(ankle, shin, knee, thigh and abdomen) on the lower body of the model while in a supine 

position. A clear pressure increase was detectable for each location when performing a 

simple 1:1 pressure subtraction across each sensel. The external mass was then decreased 

until a minimum threshold was identified, representing the point at which external mass 

was undetectable (~100g). This procedure was then repeated after the application of a 

mattress, resulting in a higher minimum detectable mass (~400g). This procedure was 

recreated when the piezo-resistive PSM became available, resulting in similar minimum 

detectable masses. 
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3.3.3 CONTRIBUTION 3 - SYSTEM VERIFICATION USING PARTICIPANTS AND 

EXTERNAL MASS 

Contribution 3 is detailed in Chapter 6, and summarizes a similar experiment to the one 

detailed in Contribution 2, however human participants were used. This represented a step 

towards our ultimate goal, where the realities of human movements were now included. 

600g was chosen as the external mass for all participant experiments. This experiment also 

coincided with the acquisition of the new piezo-resistive PSM from Tekscan™ therefore 

both this new PSM and the original fibre-optic PSM (S4 Sensors) were evaluated.  

Participants were asked to lie in a supine position and remain as still as possible for two 

minute periods when the external weight was applied to the key locations on the lower 

body (ankle, shin, knee, thigh, and abdomen). A manual ROI extraction algorithm was 

used. For each ROI, the pressure observed with the applied external mass was compared 

to those sessions where the mass was applied elsewhere. Classification was considered to 

be correct when the location of applied mass matched either the highest and second highest 

increase in pressure region. The resulting accuracy was 90% for the fibre-optic technology 

and 95% for the piezo-resistive technology.  

3.3.4 CONTRIBUTION 4 - EVALUATING FLUID CHANGES WITHIN THE HUMAN BODY  

The final contribution in this thesis is detailed in Chapter 7. In this experiment, the fluid 

changes being observed now represented internal, rather than external processes. As 

described above, a single participant was asked to lie on a mixed density foam mattress 

that was placed directly on the piezo-electric PSM, which was placed on the floor. During 

the experiment, the participant was asked to exit the bed to either (1) do nothing, (2) void 

their bladder or (3) drink as much water as was comfortable. This procedure was repeated 
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with the participant in a prone, supine and side positions. The algorithm was updated to 

include an automatic ROI segmentation tool that utilized image processing methods in 

combination with anthropometric measurement data.  

Additionally, it was observed that the pressures response associated with the piezo-

resistive technology experienced a continual creep over time (reported by the manufacturer 

as a <= 5% logarithmic pressure increase). A creep compensation algorithm was created to 

account for this metrological property.  

The results show clear increases across all positions and all regions (including the 

entire pressure image) when the participant drank water and when they had a large bladder 

void. The smaller bladder voids were detectable after ROI segmentation in most positions, 

but were not always significantly different from those pressure changes associated with 

two consecutive sessions of no change in some positions.  
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4 Contribution 1 – Creating the Anthropomorphic Model and 

Selecting the PSM Technology 

The following chapter summarizes the materials used across all experiments within each 

contribution. The first section outlines the evaluation and creation of an 

anthropomorphically correct human body model. The second section describes the 

evaluation and selection of the most appropriate sensor for each experimental step from the 

three types of PSMs.  

4.1 CREATING AN ANTHROPOMORPHIC HUMAN BODY MODEL 

The content of this sub-chapter was originally published in I2MTC 2016 [10]. I was the 

lead author on this paper.  

4.1.1 INTRODUCTION 

Accurate characterization of the underlying measurement system is essential prior to the 

development of robust monitoring and diagnostic systems. This chapter summarizes an 

anthropomorphically correct model to characterize and test pressure sensitive mats 

(PSMs). Such a model has several potential applications. First, it is useful in studying the 

impact of long-term deployment of the PSM system, including sensor drift and long- term 

compression of bedding. For example, a detailed understanding of these long-term system 

characteristics could lead to novel adaptive calibration systems. Second, understanding 

how different PSM technologies respond to small variations in mass. Such small changes 

in mass and mass distribution can indicate a variety of disorders from frailty in older adults 

to an early marker of congestive heart failure (CHF) [30]. Additional mass can be added at 

specific locations, such as the bladder region, that are difficult to implement with human 
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participants. Identification of these changes using PSMs may lead to early detection and 

intervention for these and other conditions where small changes in mass and/or mass 

distribution are expected. Third, such a model would facilitate the evaluation of novel 

pressure sensor technologies prior to formal assessment using human participants.  

 A number of models of the human body currently exist, including both physical 

and digital simulations. However, each model was created with a specific goal in mind  

[70], [71]. Several advanced crash test dummies have been developed, but the goal of these 

models was to measure dynamic movement typical of vehicle collisions while the model 

is in an upright or semi-upright position [70], [72]. The cost of these crash test dummies is 

also prohibitive because of the embedded dynamic sensors, which are not required for our 

purposes. Based on these confounding goals, it was determined that a new model was 

needed to address static measurements in a constant position over a long period of time 

based on published anthropomorphic information for the older adult population.  

FIGURE 4. TESTING SET UP FOR MODEL VALIDATION AND TESTING 
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4.1.2 MEASUREMENT SYSTEM 

The measurement system is composed of the fibre-optic PSM from S4 Sensors, the data 

acquisition system (including data loggers paired with a data collection computer), the 2D 

model and the 3D model. This system is summarized in Figure 4. 

4.1.2.1 ANTHROPOMORPHIC MEASUREMENTS FOR 2D MODEL 

In order to ensure that the model is placed in exactly the same locations on the PSMs or 

mattress a 2D model consisting of segment perimeters and centroids was created on a flat 

sheet. For maximum accuracy, average anthropometric measurements were taken and 

interpolated from data originally gathered by NASA [73]. The majority of the research 

associated with the PSMs focuses on the growing population of older adults. Therefore, 

the overall height (length) of the model was based on the measurements obtained from 

FIGURE 5. ANTHROPOMETRIC 2D (LEFT ) AND 3D (RIGHT ) MODEL 

BASED ON AN OLDER FEMALE ADULT 
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Pavol et al. for an older female, 1.59 meters [74]. All measurements were marked on the 

flat sheet and lines were interpolated between the measurements to complete the outline  

 (Figure 5).  

 The body was segmented into 14 areas (Table 4). The centre of mass locations for 

each segment relative to the proximal joint and segment masses were provided by Pavol et 

al. The centre of mass was then marked on the 2D model with an asterisk. Segments chosen 

were those suggested by Pavol et al. with the exception of the torso segment. The torso 

was split into two segments at the waist in order to accurately find the location of the hips 

on the 2D model. The centre of mass proposed by Pavol et al. for the torso segment was 

used as an indicator of how much mass should be applied to the chest and abdomen section. 

TABLE 4. BODY SEGMENTS AND MASES 

Segment Mass (% of Total) Mass (kg) 

Head 7.4 5.3 

Torso 29.2 20.9 

Pelvis 18.7 13.4 

Upper Arms 3.0 (x2) 2.0 (x2) 

Forearms 1.4 (x2) 1.0 (x2) 

Hands 0.5 (x2) 0.4 (x2) 

Thighs 11.6 (x2) 8.5 (x2) 

Lower Legs 4.6 (x2) 3.2 (x2) 

Feet 1.2 (x2) 0.9 (x2) 

Totals 100% 71.6kg 
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The center of mass for the torso segment was given as 42% of the length between the top 

of the shoulders and waist. This equated to 21.2 cm from the top of the shoulders. It was 

then decided that, based on this percentage, 42% of the total segment mass (21kg) would 

be assigned to the chest (8.82kg) and the remaining mass would be assigned to the abdomen 

(12.18kg). 

4.1.2.2  ANTHROPOMORPHIC MEASUREMENTS FOR 3D MODEL 

The total mass of an average (50th percentile, North American) older female is 71kg [74]. 

This mass formed the basis for calculating the mass of each body segment. For each body 

segment, Pavol et al. defined a mass factor, capturing the proportion of total mass 

accounted for by each body segment. The following equation was used to determine the 

mass of each segment: 

(3)           𝑊𝑠𝑒𝑔𝑚𝑒𝑛𝑡 = 𝑀𝑡𝑜𝑡𝑎𝑙 ∗ 𝑃𝑛 

Where Pn is the Pavol factor for segment n (Table 4).  

In order to represent this mass as a model of human tissue, materials of similar 

density to human soft and hard tissue were required. Hydrated potassium acrylate (AgSAP, 

800-150um dry) crystals (M2Polymer, West Dundee, IL) were chosen for soft tissue and 

wet gravel (4-7mm) was chosen for bone tissue (Table 5). For each segment, a combination 

of both materials was used in order to match the previously calculated mass values. After 

all segments were measured and placed in their corresponding segment pockets the overall 

mass of the model was determined and found to be 71.6kg, well within the range associated 

with the average mass for an older female, 71.2 ± 12.2 kg [74]. 
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TABLE 5. DENSITY MEASUREMENTS [75] 

 Soft Tissue Hard Tissue 

Actual Model Actual Model 

Material Fat and 
Muscle 

Tissue 

Hydrated 
AgSAP 

Bone Tissue Wet Gravel 

Density () 

kg/m3 

982.5 a 1000 1950 2000 

aAverage density of fat (940 kg/m3) and muscle tissue (1025 kg/m3) 

4.1.2.3 ACQUISITION APPROACH  

For both the 3D model and the participant, the flat 2D model was placed directly on three 

sets of three 80x25cm PSMs on top of the surface being evaluated (Figure 4). The 3D 

model was aligned with the corresponding body segment sections on the 2D model and 

data were collected at 20 Hz over a 5-minute period. The participant, a healthy female 

(23yrs, 5’7”, 130lbs), was asked to lie in a supine positon aligned with the top of the head 

segment on the 2D model and was instructed to move as little as possible. A five-minute 

calibration data set was taken without the model/participant present to account for the inter-

mat variability and the mass of the 2D flat model.  

 Before further evaluation, each set of three mats was calibrated using the (unloaded) 

calibration data. The mean pressure responses were then calculated for each sensor. The 

measurements taken from the model and from the participant were then compared.   

4.1.3 MODEL VS. PARTICIPANT 

The pressure responses from the model and participant are highly consistent (Figure 6). 

There are a few discrepancies, which can be explained by the morphology of the human 

body when lying in the supine position. For instance, the participant’s lower back was not 

touching the PSM due to the curvature of the spine. The participant’s thighs are also not 
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visible due to the weight distribution through the femurs to the back of the calves. The 

model does not contain a skeletal structure, making it unable to accurately represent these 

variations.  

There is a defined area for the head, shoulders, elbows, calves, heels and the general 

outline of the human body is visible (Figure 6). The resolution of the PSM used in this 

study is relatively low (sensors were equally spaced 10 cm apart). Therefore, the small 

variations due to the skeletal structure do not change the measurements from the fibre-optic 

sensors. 

4.1.4 CONCLUSIONS  

This section summarized the creation and validation of an anthropomorphically correct 

human body model. The next step is to identify if the PSM is able to detect changes in 

pressure that are associated with the application of external mass. Future work that may 

harness this model includes; the characterization of long term mass applied to PSMs as a 

FIGURE 6. PRESSURE RESPONSE WHILE LYING SUPINE DIRECTLY ON THE MAT: 

MODEL (LEFT ) AND PARTICIPANT (RIGHT ) 
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model for people susceptible to bed ulcers and the characterization of long-term mass 

loading of novel pressure sensing technologies prior to human participation. 

4.2 SENSOR COMPARISON 

The following section is a summary of work published in the 2017 Sensor Applicat ions 

Symposium [15].  

4.2.1 UPDATED EXPERIMENTAL CONDITIONS  

Preliminary work in this thesis (contribution 1-3) was done to identify if small variations 

in weight, modeling fluid variation, was identifiable using PSMs. This work was done 

using the fibre-optic PSMs that were readily available in the lab. These PSM have been 

used for a variety of investigations prior to this thesis (e.g. [32], [35], [67] ). There were 

also many fibre-optic PSMs available in the lab, allowing for full coverage of a human 

body. This was essential in preliminary investigations, due to the uncertainty associated 

with where fluid variations would be detectable.  

After establishing that these small variations were detectable, other PSMs were 

identified and evaluated to establish which PSM would be most appropriate for subsequent 

experiments.  

4.2.2 INHERENT SENSOR CHARACTERISTICS CONSIDERED 

There is some variability in PSMs due to the inherent properties associated with the sensing 

technology used and the way the PSMs were constructed. This section discusses some of 

the most relevant inherent characteristics associated with PSMs. The factors addressed here 

have been used to determine which PSM is the most appropriate for this thesis work [15]. 

The characteristics described below are summarized for each PSM considered in Table 6. 
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4.2.2.1 SPATIAL RESOLUTION 

Spatial resolution refers to the physical orientation of the sensels within the PSM. All 

sensels in PSMs are equidistant, however the spacing between each sensor can vary 

depending on the intended purpose. Higher spatial resolution, meaning sensels are closer 

together, is desired for monitoring fluid distribution changes presented in this thesis. The 

more sensors in a given area, the more spatial information available and the more precisely 

we can identify the physical location of fluid changes or accumulation. When there is a 

lower spatial resolution, the physical location of loading may lead to varying pressure 

responses despite loading under the same conditions; the more directly centered a load is 

over a sensel, the higher the measured pressure response will be when compared to loading 

in between two sensels.  

4.2.2.2 RISE TIME AND SETTLING TIME 

Rise time is defined as the time it takes for a sensor response to rise from 10% to 90% of 

the steady state response after a step input load has been applied. Settling time is defined 

as the time it takes for a sensor to reach its steady state value after a step input load has 

been applied. Recovery time is the time it takes for a PSM to return to zero after removal 

of the load. These metrics are a measure of a sensors responsiveness to load variations (i.e. 

movement). 

4.2.2.3 SENSOR REPEATABILITY 

Sensor repeatability is defined as a sensors ability to produce the same output in response 

to the same input under the same conditions for a short time period, irrespective of the time 
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of application. Nizami et. al. uses the coefficient of variation (CoV) as a measure of 

repeatability as described in the following equation.  

(4)            𝒞𝑜𝒱(%) =
𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑  𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛

ℳ𝑒𝑎𝑛
∗ 100% 

Here, Standard deviation and Mean are computed from a set of repeated 

applications and removals of the same load on the PSM. CoV is a measure of data 

dispersion around its mean. The smaller the dispersion, i.e. the closer the samples are to 

one another, the more reliable a sensor is and therefore the higher the repeatability measure 

[76].  

4.2.2.4 SENSOR DRIFT AND CREEP 

For the purposes of this thesis, sensor creep and sensor drift are defined as follows. Sensor 

creep is caused by its inherent elasticity. Pressure sensors, no matter the underlying 

technology, measure pressure based on the ‘spring balancing principle’. When a force is 

applied, there is an elastic deflection in the sensor. This deflection is translated into an 

electric output for analysis. When the sensor is loaded abruptly, i.e. a step input, the sensor 

produces an immediate elastic or ‘spring’ response. The sensor will then produce a time -

dependent continual increase associated with sustained loading conditions. This effect is 

what we perceive to be the unwanted creep response, where the apparent pressure continues 

to increase over time while the true load is kept constant [77]. In other words, when a 

constant load is applied to a PSM, the output pressure response will increase with time. 

Creep can be accounted for using calibration curves [76], [78]. There is also a hysteresis 

response when a load is removed from a PSM, the sensor will continue to measure pressure 

due to its elasticity before eventually returning to zero.  
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 Nizami et. al. further defined percent change in creep (∆C(%)) as the change in 

pressure response due to a constant applied force from P1 to P2 over time T1 to T2 divided 

by the average pressure over that time duration, Mean P12. Percent change in creep is 

defined as:  

(5)           ∆𝒞(%) =
𝒫1−𝒫2

ℳ𝑒𝑎𝑛 𝒫12
 

 Creep and drift have been used interchangeably in the literature [33], [79]–[81]. For 

this thesis, the term drift follows the definition originally proposed by Shelton et.al., where 

drift is defined as the tendency of a system’s output to float higher or lower over continuous 

measurements due to fluctuations in the zero point [76]. Based on this, changes occurring 

under a continuous load after a sensor has reached steady state are the result of system drift 

noise, or from systematic changes associated with creep.  

4.2.3 PSM EVALUATION AND SUBSTITUTION 

Meteorological measurements were evaluated based on two main experiments conducted 

on the three available PSMs (as described in Chapter 3), all sampled at 1Hz. An 

anthropometrically correct adult torso model (chosen due to the limited size of the PSM) 

and an infant full-body model were used based on measurements obtained in [10].  Long 

term experiments were evaluated for a minimum of 14.5 hours for both the adult and infant 

models applied to each PSM. The drift, rise time, total creep and percent change in creep 

(%∆C), as described in the previous section, were then calculated for both the adult and 

infant model. It was assumed that all PSM reached steady state after 30 minutes and percent 

creep and drift response were calculated based on data beyond this point. Percent drift is 

based on a non-overlapping sliding window of one minute in duration. The average drift 
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reported is computed based on the percent drift response over the 14.5 hours. Percent creep 

was calculated based on using a sliding window of 60 minutes with an overlap of 30  

minutes.  

 The second set of experiments were short-term and were conducted to evaluate 

repeatability measures for both the adult and infant models for each PSM. Each model was 

applied to each PSM four times for one minute each. The length of removal before re-

application was increased from 1, 2, and 5 minutes. For each application, the average 

pressure was computed and repeatability was assessed using the coefficient of variation 

(%CoV) as described in equation 5. For each PSM, the meteorological properties from 

each model were averaged and reported in Table 6. 

The piezo-resistive PSM and the capacitive PSM both had a much higher spatial 

resolution (0.3 sensels/cm2 and 1.27 sensels/cm2, respectively). Unfortunately, the 

TABLE 6. PSM COMPARISON SUMMARY 

Pressure 

Technology 
Fibre-Optic 

S4 Sensors Inc. 
Piezo-Resistive Ink 

Tekscan ™ 
Capacitive 
XSensor™ 

Spatial 

Resolution 

Low = 0.012 

sensels/cm
2

 

High = 0.3 

sensels/cm
2

 

High =  1.27 

sensels/cm
2

 

Digital 

Resolution 
16 Bit 8 Bit 16 Bit 

Physical Size 
Large = 80x225 cm Medium = 58x88 cm Small = 45.7x45.7cm 

Creep Response 

(%) 
12.86 9.64 7.58 

Drift Response 

(%) 
0.32 0.11 0.27 

Repeatability 

(CoV %) 
7.83 3.30 2.33 

Rise Time (min.) 
1.28 2.15 0.21 

Availability 
Since May 2015 Since Nov. 2016 

Only available for one 

week in October 2016 
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capacitive PSM was physically very small, at only 45.7x45.7 cm, thus eliminating it as a 

possibility. The piezo-resistive PSM was 58x88 cm and was much closer to being able to 

cover the entire human body. The most relevant factors associated with this thesis work 

are highlighted in Table 6, which lead to the decision to change the PSM used for the final 

experiment.  

After evaluating the metrics described and summarized in Table 6, it was decided 

to use the piezo-resistive PSM for further testing in order to attain the necessary spatial 

resolution needed to fully capture fluid distribution changes. Therefore, the final 

experimental results associated with contribution 4 of this thesis were based on using the 

piezo-resistive PSM. 

4.2.4 DISCUSSION AND CONCLUSIONS 

The original decision to use the fibre-optic PSM was based on two main factors. The fibre-

optic technology had been used in many experiments in our lab and was very well 

documented. The second and arguably more important factor was that the fibre-optic PSM 

was large enough to cover the entire length of a human body. All other PSMs evaluated 

were not large enough to do so. However, it was noted on many occasions that the poor 

spatial resolution of the fibre-optic PSM (10cm x10cm) did lead to some inconsistent data.  

The experiments conducted here indicate that both the piezo-resistive and 

capacitive sensors outperform the fibre-optic PSM, particularly in the drift response and 

creep response. Furthermore, the settling and recovery time of the XSensor mat makes it 

preferable to the piezo-electric PSM, especially for the purpose of capturing rapid dynamic 

behavior. Ultimately, the piezo-resistive PSM was selected for the remaining experiments 

for several reasons including sensor size, availability, and cost.  
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Regarding sensor size, the sensor comparison was done in collaboration with 

another project that focused on the PSM application in neonatal environments. Due to this, 

the PSM used were smaller in size and were unable to cover an entire adult human body. 

For the purposes of a neonatal monitoring, this was not an issue and this condition was not 

addressed in the original paper [15]. For the purposes of this thesis, however, the size of 

each PSM was included as a selection criteria based on the versions of each PSM that were 

currently available. All three PSM were available in larger sizes, at higher prices, any of 

which would be applicable to the algorithm developed in this thesis. Future work may 

include the acquisition of the recommended PSM from Nizami et. al. in a larger size.  

A second important factor for this thesis was PSM availability. Only fibre-optic and 

piezo-resistive sensors PSM were available on an ongoing basis. Once the new piezo-

resistive PSM was available, it was chosen for all further testing due to its higher spatial 

resolution at the cost of covering the entire human body area. The capacitive PSM was 

only available for a short period, during which sensor comparison testing was performed, 

and was therefore eliminated at the onset of sensor selection for all other experiments.  

The final consideration was cost. The XSensor capacitive PSM is approximate ly 

50% more expensive than the Tekscan system for the same sensor size and sensel density. 

Following the PSM comparison, the piezo-electric PSM was selected for the final 

experimentation in Chapter 7. Future work may involve the application the final algorithm 

to novel PSM and is discussed further in (section 8.4). It is important to note that all 

algorithms developed in this thesis can be easily generalized to other current and future 

PSM technologies.  
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5 Contribution 2 - System Verification using the Model and 

External Mass 

Some of the content of this chapter was originally published in MeMeA 2016 [12]. I was 

the lead author on this paper. 

 This chapter describes experiments where fluid mass is applied externally to the 

anthropomorphically correct human model. First, various masses are applied to the ankle 

to determine the minimum detectable mass change. Second, external masses are applied at 

various positions on the leg and abdomen to simulate overnight fluid redistribution typical 

of CHF patients. 

5.1 FLUID MODEL DESCRIPTION  

 Hydrated potassium acrylate (AgSAP, 800-150um dry) crystals (M2Polymer West 

Dundee, IL) were chosen to model internal fluid (Table 7), based on their similar densities. 

Hydrated AgSAP solution was placed in Ziploc bags. The initial weight chosen was 400g, 

as this was representative of the mass of fluid expected to be caused by fluid retention 

associated with CHF (< 2kg [82]). Several other bags of AgSAP solution were also 

TABLE 7. FLUID DENSITY MEASUREMENTS 

 
Internal Fluid Measurements 

Actual Model 

Material Water 
Hydrated AgSAP 

Density () kg/m3 997 1000 
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prepared (300g, 200g, 100g, 50g and 30g) in order to evaluate the smallest detectable fluid 

model addition detectable by the PSM. 

5.1.1 EXTERNAL MASS APPLIED TO THE ANKLE REGION 

The model was placed directly on the PSM (Figure 4), and a 400g bag of hydrated 

AgSAP was placed directly on the left ankle. A five-minute data set was collected, 

calibrated, and filtered temporally (Figure 7(B)). A separate five-minute data set was 

collected without the addition of mass, which was also calibrated and filtered temporally 

(Figure 7 (A)). The two testing sessions were compared via 1:1 sensel subtraction, resulting 

in a clear mass addition as seen in Figure 7 (C). After this successful result, decreasing 

masses (300g, 200g, 100g, 50g, and 30g) were applied to the model on the ankle region. 

The static mass changes that were distinguishable were 300g, 200g, 100g and 50g. The 

PSM was unable to accurately detect the addition of 30g. Therefore, the minimum possible 

detectable mass change is approximately 50g in the region of the ankle under idealized 

conditions. The minimum detectable mass may change if testing conditions were non-ideal, 

specifically if the model was removed and replaced on the PSM between mass additions. 

FIGURE 7. MODEL ALONE (A), MODEL WITH ADDED WEIGHT (400G) (B), AND 

PRESSURE DIFFERENCE (C) 
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It is also expected that the minimum detectable mass change would be larger after the 

introduction of human participants. 

Fluctuations in weight may be indicative of fluid retention associated with CHF. 

Typically, during daily activities when patients are upright, fluid tends to settle in the 

ankles. Over the course of the night during sleep this fluid distributes throughout the body, 

is collected by the kidneys, and passes to the bladder to be expelled. Previous studies have 

recommended alarm thresholds be set for weight gains of 1kg in a day, 2kg in three days 

or 3kg in a week [30], [82]. The identification of 50g to 400g mass variations (Figure 7) 

by the PSM suggests that PSMs may be able to not only detect overall weight gain, but 

also track this retained fluid over the course of the night. 

5.2 EXTERNAL MASS APPLIED TO MULTIPLE LOCATIONS USING PIEZO-

ELECTRIC PSM 

5.2.1 MEASUREMENT SYSTEM 

The measurement system included the Anthropometric Human Body Model placed directly 

on three PSMs (S4 Sensors Inc.) (Figure 4) [10]. The fibre-optic PSM was used for all 

testing for this experiment, as described in section 2.4.1. Data were recorded at a rate of 

20Hz and saved as a CSV file for each session. 

5.2.2 METHODS 

A two-minute calibration session was recorded initially with only the 2D model directly 

placed on the mats. The 3D model was then placed directly on the 2D model with each 

body segment aligned to its equivalent 2D outline and data were recorded for a period of 

two minutes. To model fluid retention experienced by CHF patients, a 400g bag of hydrated 
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potassium acrylate (AgSAP, 800-150um dry) crystals (M2Polymer, West Dundee, IL) was 

used (< 2kg [82]). Five 2-minute data sessions were recorded with the addition of the 

AgSAP 400g bag placed at the (1) left ankle, (2) shin, (3) knee, (4) thigh, and (5) bladder 

region. This resulted in seven CSV files in total. This method was repeated using 

progressively lower weights. The results indicated that, for the sensors used in this study, 

100g was the lowest reliably detectable weight when considering all measured locations. 

All calibration and temporal filtering (averaging over the two minute samples) was 

completed in MATLAB. Each file representing the addition of weight to the 

aforementioned body regions was then compared to when the model was directly on the 

mat without additional mass. The resulting pressure measurements were plotted in Figure 

10 (400g) and Figure 9 (100g) using a heatmap where higher pressures are indicated using 

hotter colours (e.g. yellow vs. dark blue).  

5.2.3 DATA ANALYSIS  

 Calibration data were recorded for a period of two minutes when the 2D model was 

the only thing present on the PSM. These calibration data were used to zero the pressure 

response data under each testing condition. Adjusted data were the absolute difference 

between the calibration data from the various testing sessions at each sensor position as 

described in Equation (6). 

(6)           𝑃𝑐𝑎𝑙𝑖,𝑗,𝑘 = |𝑃𝑖,𝑗,𝑘 − 𝑚𝑒𝑎𝑛(𝐶𝑎𝑙𝑖,𝑗)|) 

Where Pi,j,k is the pressure responses of the sensor located in row i, column j and sample 

k for the testing session in question. The variable mean(Cali,j) is the sample average for the 
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sensor located in row i and column j. The resulting variable Pcali,j was then used in all 

other processing.  

Each file representing the addition of mass (400g) to the aforementioned body regions 

were then compared to when the model was directly on the PSM without additional mass. 

The resulting pressure measurements were interpolated bi-linearly and plotted in Figure 9 

and Figure 10. The higher pressures are indicated by the hotter colours (e.g. yellow). This 

was done by directly subtracting the pressure response of each individual sensor from its 

counterpart in the comparative testing session. The analysis procedure is summarized in 

the block diagram in Figure 8. 

 

Adjusted data were the absolute 
difference between the two minute 
calibration data and the testing data

Bilinear interpolation performed to 
smooth out images 

The pressure response from 
sessions with no added weight were 
compared to each session weight 
was added using a 1:1 sensor 
subtraction

FIGURE 8. CONTRIBUTION 2 ANALYSIS PROCEDURE 
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FIGURE 10. MODEL ALONE (A), MODEL 

WITH 400G ADDED MASS (B) AND 

PRESSURE DIFFERENCE (C) FOR ADDED 

MASS AT THE BLADDER REGION (1), THIGH 

(2), KNEE (3), SHIN (4) AND ANKLE (5) 

FIGURE 9. MODEL ALONE (A), MODEL 

WITH 100G ADDED MASS (B) AND 

PRESSURE DIFFERENCE (C) FOR ADDED 

MASS AT THE BLADDER REGION (1), 

THIGH (2), KNEE (3), SHIN (4) AND ANKLE 

(5) 
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5.2.4   RESULTS 

As can be seen in Figure 9 and Figure 10, the 400g and 100g masses are clearly detectable 

at all positions. Considering that the thigh and abdomen regions are much larger than the 

ankles, it was not clear a priori whether such a small percent change in mass would be 

discernable by the PSM. Therefore, it appears possible to track a minimum of 100g addition 

from the ankle to the bladder region. Under ideal conditions, a calibration session was 

collected and accurate identification of when/where the addition of mass was applied was 

also achieved.  

5.2.5 CONCLUSIONS 

From this experiment, the minimum mass reliably detectable at all locations was found to 

be 100g for the model on the PSM under idealized conditions. After introducing a thin 

mattress, mass additions were still detectable. 

5.3 DYNAMIC TRACKING OF EXTERNAL MASS  

The experiments above demonstrated that it is possible to qualitatively observe an increase 

in contact pressure when an external mass is applied to the lower limb and abdomen. In 

this section, it is shown that the location of a moving mass can be tracked quantitative ly.  

This experiment coincided with the acquisition of the piezo-resistive PSM from 

Tekscan™. Therefore, the experiments described here were performed using both the fibre-

optic and the piezo-resistive PSM. 

5.3.1 METHODS 

Despite being able to accurately track 400g on the model, it was decided to increase the 

mass addition to 600g, which is still less than 2kg identified as a relevant increase in weight 
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for CHF patients [82]. This increase in mass was to ensure that the mass would still be 

detectible when applied to human subjects, as done in Chapter 6. It was suspected that the 

skeletal structure of human subjects would distribute mass additions to adjacent regions. A 

brief test was performed to confirm this hypothesis by applying the 400g and 600g masse s 

to the abdominal region (most difficult region to identify as noted in Figure 9) of a single 

participant. Though, the 400g was detectable, the 600g was more clear and thus chosen for 

all further experiments. 

The application of this 600g mass to the aforementioned body regions was 

performed based on the same testing procedure as above, with the addition of a thin 

mattress, to allow for result comparisons between the model and human participants 

described in Chapter 6. The testing protocol was performed with the 600g mass on both 

the fibre-optic PSM (Figure 11) and the piezo-resistive PSM (Figure 12).  

Regions of interest were defined corresponding to the ankle, the shin, the knee, 

thigh, and abdomen. Details of the ROI extraction method are presented in section 6.4. For 

each session, and each technology, the temporal average (Pavg) was calculated for each ROI 

(r) to provide a single pressure representation for each session (s) (Equation 7) 

(7) 𝑃𝑎𝑣𝑔 (𝑟) =
𝑚𝑒𝑎𝑛(𝑃𝑎𝑑𝑗 (𝑟))  

𝑚𝑒𝑎𝑛(𝑆𝑎𝑐𝑡 (𝑟))
 

 Where, Sact(r) is the average number of active sensors in each ROI. These results 

are illustrated in Figure 11 and Figure 12 for the fibre-optic and piezo-resistive PSM 

respectively.   

Finally, a rule-based algorithm was developed to identify when the mass has been 

added to each ROI. Here, the weighted difference was calculated to determine the 
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relationship between the two highest pressures across all sessions for each ROI. Ideally the 

highest pressure in a given ROI would be when the 600g mass was added to that region. 

However, depending on the ROI and its proximity to other regions, the session when the 

600g mass was added may be identified as the second highest pressure. In order to evaluate 

if it was possible for the second highest pressure to be associated with the 600g addition to 

the selected ROI, the highest pressure identified for each region was compared to the 

second highest pressure as defined in Equation 8 and 9. The updated analysis procedure is 

summarized in Figure 14 in Chapter 6 for this experiment. 

(8) 𝐿(𝑟,2) = 𝑙𝑎𝑟𝑔𝑒𝑠𝑡(𝑃𝑎𝑣𝑔 (𝑟, ∶), 2) 

(9) 𝐷𝑤(𝑟) =
𝐿(𝑟,1)−𝐿(𝑟,2) 

𝑚𝑒𝑎𝑛 (𝑃𝑎𝑣𝑔(𝑟,  ∶))
  

 Where largest is a function created to identify the n (2 in this case) largest values 

in Pavg and both are stored in L(r,2). The difference between the two largest pressures, 

L(r,1) and L(r,2), is divided by the average pressure response at region r to create the 

weighted difference Dw(r).  



  53 

 

 

 

 

5.3.2 RESULTS 

 The addition of mass with respect to each ROI for the model is plotted in Figure 

11 when using the fibre-optic PSM and in Figure 12 when using the piezo-resistive PSM. 

The stick figure directly to the left of each plot illustrates the ROIs selected by the user 

FIGURE 11. AVERAGE PRESSURE RESPONSE AT EACH REGION ACROSS ALL TESTING SESSION, WHILE USING 

THE FIBRE-OPTIC PSM (MODEL) 

FIGURE 12. AVERAGE PRESSURE RESPONSE AT EACH REGION ACROSS ALL TESTING SESSIONS, WHILE USING 

THE PIEZO-RESISTIVE PSM (MODEL) 
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during data analysis. The colour surrounding each ROI corresponds with each of the 

average pressure responses identified in the plot (Green – abdominal region; Purple – thigh 

region; Yellow – knee region; Orange – shin region; Blue – ankle region). The x-axis of 

each figure corresponds to consecutive two-minute testing sessions when the external mass 

(600g) was placed at each region of interest (from ankle to abdomen). The stick figure 

located below each testing session on the x-axis visually identifies the location of the mass 

application (represented by a red dot). The y-axis of each figure highlights the average 

pressure response during each session, as described in Equation 9.  

 

Table 8 summarizes the region demonstrating peak pressure for each session and 

for each PSM technology. The weighted difference, DW, is also provided for each. DW 

TABLE 8. PSM RESPONSES 

Session with highest pressure: 

highest, 2nd highest and, weighted difference ( Dw) 

Region Ank. Shi. Kne. Thi. Abd. 

Model S2 (Ank.) 

S6 (Abd.) 

S3 (Shi.) 

S2 (Ank.) 

S3 (Shi.) 

S4 (Kne.) 

S4 (Kne.) 

S5 (Thi.) 

S6 (Abd.) 

S5 (Thi.) 

Dw = 0.033 Dw = 0.035 Dw = 0.005 Dw = 0.001 Dw = 0.024 

Fibre-Optic PSM Responses 

Region Ank. Shi. Kne. Thi. Abd. 

Model S2 (Ank.) 

S3 (Shi.) 

S3 (Shi.) 

S4 (Kne.) 

S4 (Kne.) 

S3 (Shi.) 

S5 (Thi.) 

S6 (Abd.) 

S6 (Abd.) 

S5 (Thi.) 

Dw = 0.099 Dw = 0.062 Dw = 0.032 Dw = 0.002 Dw = 0.001 
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captures the normalized difference between the highest and second-highest observed 

contact pressure within each session. 

 In Figure 11, for each ROI, the peak pressure was observed during the two-minute 

session when the external 600g mass was applied to that region. As expected, when 

examining the difference between the highest observed pressure and the second largest 

pressure at each ROI, we note a smaller change in pressure for regions that are more 

massive (e.g. abdomen vs. ankle). 

Figure 12 presents the addition of mass with respect to ROI when using the piezo-

resistive PSM. The ankle and shin respond similarly to the fibre-optic results, where the 

highest pressures occurred during the sessions when the 600g was actually added to the 

corresponding ROIs. When observing the knee ROI, the session when 600g was added to 

knee (session four) was identified as the second highest pressure. Session three (600g @ 

shin) was identified as the highest pressure, however the observed DW was quite small, 

0.005, indicating that the second highest pressure may be correct. For the thigh ROI, the 

session with the highest pressure was when mass was added to the knee (S4) and the second 

highest pressure was during session five, when 600g was added to the thigh. Again, the DW 

between these two pressures was only 0.001, indicating that there was some mass 

distributed to the knee from the thigh during session four that surpassed the thigh 

measurement during session five.  

5.4 CONCLUSION 

The results presented in this section demonstrate that we are able to track an externally-

applied mass using an anthropometrically correct human model. The piezo-resistive PSM 

outperformed the fibre-optic PSM most importantly due to the large increase in spatial 
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resolution. The creep and drift responses were also better for the piezo-resistive PSM. The 

next chapter explores the application of external masses to actual human test subjects. 
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6 Contribution 3 - System Verification using External Mass 

with Human Subjects  

6.1 INTRODUCTION 

We have previously demonstrated that it is possible to identify changes in mass applied to 

an anthropomorphically correct human body model placed directly on the PSM [10]. This 

chapter builds on our work originally published in MeMeA 2016 [12] by introduc ing 

human participants, examining two different PSM technologies (fibre-optic and piezo-

resistive), developing more robust sensor data preprocessing and analytics, and the addition 

of a mattress between the patient and the PSM 

6.2 MEASUREMENT SYSTEM  

Two different pressure measurement technologies were used for data collection, resulting 

in two different testing set-ups. The first measurement system was based on fibre-optic 

pressure sensors manufactured by S4 sensors (previously Tactex Sensors, Victoria, BC, 

Canada) and the associated software. These PSMs have been used in a variety of studies to 

identify and/or monitor various physiological signals including weight changes (e.g. [10], 

[12], [14], mobility assessments [62], [83], and sleep analysis [35], [39], [84]). As 

FIGURE 13. S4 SENSORS (FIBRE-OPTIC) MEASUREMENT SYSTEM (LEFT) AND TEKSCAN (RESISTIVE) 

MEASUREMENT SYSTEM (RIGHT ) 
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mentioned, the entire pressure array consisted of three separate PSMs each 95x80cm and 

containing 72 equally spaced (10cmx10cm) fibre-optic emitter-sensor pairs. The three 

PSMs were connected to three separate wireless data loggers and transmitted to a computer 

via Bluetooth where data were recorded at a sampling rate of 20 Hz and saved as CSV files 

for analysis (Figure 13, left). This same configuration was used in all previous 

experimentations, however, a thin mattress has now been added between the participant 

and the PSM to better reflect expected data collection conditions. 

 The second measurement system was a PSM that uses piezo-resistive pressure 

sensors manufactured by Tekscan (Boston, USA) and the associated BPMSTM software. 

The entire pressure array in this case was made up of a single PSM (106 x 64cm) containing 

1,768 equally spaced (0.35x0.35cm) sensing elements. The PSM was connected to a 

computer for data collection via a USB port using a Tekscan “Evolution Sensor Handle” 

(Figure 13, right). All data collection was performed using the BPMSTM software and 

sampled at 20Hz. 

 For a given testing session, each PSM was placed on a rigid support surface (floor) 

and a thin mattress (3/8”thick) was placed directly on top (Figure 13). The 2D 

anthropomorphic body model was then placed on top of the mattress in order to ensure 

body alignment while testing [10]. Depending on the testing parameters (described in the 

following section), either the 3D anthropomorphic body model was placed on the 2D model 

in a supine position or a human participant was asked to lie down with their head aligned 

with the 2D model in a supine position. Due to the fact that the Tekscan PSM was not long 

enough to measure the entirety of a person, only the pressure response from the lower body 

(from abdomen to ankles) was used for data analysis for both measurement systems.  
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6.3 EXPERIMENTAL PROCEDURE 

Approximately 1% (600g) of the mass of the model was added at the locations identified 

by Table 9. This mass was chosen based on current thresholds used by physicians to 

monitor CHF; if a person gains more 2kg in a three day period, their medication may need 

to be adjusted [82]. A mass of 600g was used for all experiments due to the expected 

difficulty in detecting the added mass in the presence of 1) spatial averaging, due to the 

mattress, and 2) non-uniform pressure distribution, due to the human skeletal system.  

TABLE 9. TESTING SESSION DESCRIPTIONS 

 

When using the fibre-optic sensors, a two-minute calibration session was 

performed when only the mattress and 2D model were present on the mat. This calibration 

session was used to account for the effect of the mattress and 2D model on the pressure 

measurements during data analysis. The calibration session was not necessary when using 

the Tekscan technology, due to their built- in calibration procedure that was performed prior 

to testing on a participant. Initially, baseline data were collected for two-minutes with only 

the model present with no additional mass using the fibre-optic PSM. Two minute data 

Session Number (k) Testing Sessions 

S1 Participant Alone (Solo) 

S2 400/600g placed on Ankle (Ank.) 

S3 400/600g placed on Shin (Shi.) 

S4 400/600g placed on Knee (Kne.) 

S5 400/600g placed on Thigh (Thi.) 

S6 400/600g placed on Abdomen (Abd.) 
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collection was then performed using the same PSM when the 600g AgSAP was added 

sequentially to each location identified in Table 9. The six testing sessions then were 

repeated using the resistive PSM, immediately afterwards.   

 The experimental procedure was repeated for the three human participants (2M: 

61±1 yrs, 1.68 m, 73±1 kg; F: 23 yrs, 1.74 m, 59 kg) on both technologies and 

measurements were saved for data analysis. During each two-minute data collection 

session, the participants were asked to move as little as possible in order to simulate 

idealized conditions.  

6.4 DATA ANALYSIS  

A summary of the analysis procedure for this experiment is shown in Figure 14. 

6.4.1 UPDATED FIBRE-OPTIC SENSOR ANALYSIS  

Considering that we were now using a mattress between the PSM and the subject, the fibre -

optic PSM calibration procedure was modified from the original methods above to ensure 

that sensor to sensor comparisons were more accurate. Rather than a direct subtraction of 

the temporal average of the calibration data, as used above, instead the ratio of pressure 

response with respect to the resting (calibration) response was used as described in 

Equation 10. 

(10)           𝑃𝑐𝑎𝑙𝑖,𝑗,𝑘
=

𝑃𝑖 ,𝑗,𝑘

𝑚𝑒𝑎𝑛 (𝐶𝑎𝑙𝑖,𝑗)
 

 In addition to updating the calibration procedure, the method for computing the 

difference in observed pressure between two recording sessions was also improved to use 

spatial averaging across ROIs. Previously, a 1:1 signal subtraction was performed to 

highlight mass addition. This method tended to introduce large amounts of noise if the 
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model was not in exactly the same location across all sessions. To account for this, we 

propose a semi-automated region of interest (ROI) method that requires user input. The 

user is prompted to select the total number of regions. They are then prompted to manually 

select the bounding boxes from a pressure images similar to those in Figure 15. For the 

purposes of this research, the user was specifically asked to select the region of the left 

ankle, left shin, left knee, left thigh, and abdominal area using a built in box selection tool 

Fibre-Optic PSM adjusted data 
were the absolute difference 
between the two minute 
calibration data and the testing 
data

Bilinear interpolation 
performed to smooth out 
images

Simple region of interest 
selection using manual 
box user input for each 
area of interest (Ankle, 
Shin, Knee, Thigh, 
Abdomen)

Temporal averages were 
calculated for each region

Rule based algorithm 
developed to identify the 
session when the pressure 
response was the highest

Weighted difference 
calculated to determine 
the relationship between 
the two highest pressures 
across all sessions

Piezo-resistive adjusted data 
were based on the built  in 
calibration tool BPMS from 
Tekscan (TM) 

Bilinear interpolation 
performed to smooth out 
images

Simple region of interest 
selection using manual 
box user input for each 
area of interest (Ankle, 
Shin, Knee, Thigh, 
Abdomen)

Temporal averages were 
calculated for each region

Rule based algorithm 
developed to identify the 
session when the pressure 
response was the highest

Weighted difference 
calculated to determine 
the relationship between 
the two highest pressures 
across all sessions

FIGURE 14. CONTRIBUTION 3 ANALYSIS PROCEDURE 
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in MATLAB. ROIs were only selected once for each participant/model, and were applied 

across all sessions to maintain consistency. For each selected region (r), the sum of pressure 

(Psum) was calculated for each sample (k), as described in Equation (11). A five-second 

moving average filter was applied to Psum for each testing session (Equation 11) and the 

results were visualized in the pressure representation analysis step.  

(11)           𝑃𝑠𝑢𝑚 (𝑘) = ∑ ∑ 𝑃𝑐𝑎𝑙(𝑗 𝑖, 𝑗, 𝑘)𝑖  

(12)            𝑃𝑎𝑑𝑗(𝑘) =
1

𝑀
∑ 𝑃𝑠𝑢𝑚 (𝑘 − 𝑙)𝑀 −1

𝑙=0  

Where Pcal(i,j,k) is the pressure response of all sensors in the ROI (r) for each sample (k). 

For Equation (12), M is the number of points used in the moving average filter. For 

all experimentation a five-second moving average filter was chosen resulting in M=100 

due to the 20Hz sampling frequency. 

6.4.2 RESISTIVE SENSOR ANALYSIS  

When using the Tekscan resistive sensors, all data collection was done using the provided 

BPMSTM software. The built-in ROI selection tool allows the user to specify multiple ROIs 

by manually defining bounding boxes on the pressure image. For each participant/mode l, 

a single ROI file containing the definition of all ROIs for each region (right ankle, shin, 

knee, thigh, and abdomen) was created and applied across all successive sessions. Two 

CSV files were exported from the BPMSTM software. The first file contained the 

summation of raw data for each ROI at each time point and the second contained the overall 

contact area (cm2) for each ROI. The effective contact area of a single sensor, constant 

across all experiments, was also noted in order to calculate the number of active sensors 

for each ROI. 
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The two files were transferred to MATLAB for further processing. The contact area 

of each region was divided by the contact area of a single sensor to determine the number 

of active sensors. The five-second moving average filter from the fibre-optic analysis was 

applied to the raw data (Equation 12). The number of active sensors and the filtered raw 

output were then exported to the pressure representation step. Figure 14 summarizes the 

analysis procedure for data from the piezo-resistive PSM.  

6.4.3  PRESSURE REPRESENTATION 

As defined in section 5.3.1, for each session, and each technology, the temporal average 

(Pavg) was calculated for each ROI (r) to provide a single pressure representation for each 

session (s). The resulting pressures at each region were sorted in chronological order based 

on session number, s (Table 9). The weighted difference, DW, is also reported, that 

represents the normalized difference in pressure between the highest and second-highest 

observed contact pressures among all ROI.   

6.5 RESULTS  

Testing sessions for all participants are summarized in Table 10, with the results from the 

model session, as described in 5.3.1, included for reference. Additionally, data from 

participant one are illustrated for both the fibre-optic and resistive technologies in Figure 

15 and Figure 16, respectively. The same trends observed when using the model are also 

seen during these human participant sessions. However, redistribution to adjacent regions 

appears to be more common, likely due to the skeletal structure. As with the model results 

in Chapter 5, the stick figure directly to the left of each plot demonstrates the ROIs selected 

by the user during data analysis. The colour surrounding each ROI matches each of the 
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average pressure responses identified in the plot (Green – abdominal region; Purple – thigh 

region; Yellow – knee region; Orange – shin region; Blue – ankle region). The x-axis of 

each figure corresponds to consecutive two-minute testing sessions when the external mass 

(600g) was placed at each region of interest (from ankle to abdomen). The stick figure 

located below each testing session on the x-axis visually identifies the location of the mass 

application (represented by a red dot). The y-axis of each figure highlights the time- and 

spatial-average pressure response for each ROI, during each session.  

For the fibre-optic based PSM, mass addition to the ankle, knee and thigh regions 

are quite clear. The highest pressure responses were observed during their expected 

sessions (S1, S3 and S4 respectively). When observing the shin ROI (Figure 15, orange *), 

the session of highest pressure occurred when the 600g mass was applied to the knee (S4) 

and the second highest pressure occurred during session 3 when 600g was applied to the 

shin. The weighted difference between the two pressures is quite small (0.02) when 

compared to other weighted differences (Table 10), indicating that the highest pressure 

session may not be accurate.  Based on Figure 15, the abdominal ROI (green,) appears 

FIGURE 15. PARTICIPANT 1 PRESSURE VARIATION AT EACH REGION OVER ALL SESSIONS, WHILE USING THE 

FIBRE-OPTIC BASED MEASUREMENT TECHNOLOGY 
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to be steady across all sessions. Numerically, the highest pressure response in this area is 

when the 600g was applied to the abdomen (S6), however there is a small weighted 

difference (0.001) between the highest (S6) and second highest (S5), highlighting the 

minimal relative impact of 600g in more massive regions (Table 10).  

The pressure response using the piezo-resistive PSM for participant one correctly 

shows increases in the ankle, shin, thigh, and abdominal regions during sessions when 

external mass was added to the corresponding regions (Figure 16). During data collection, 

it was noted that the back of the knees were not consistently touching the mattress. Due to 

this, mass additions at the knee and shin were distributed to the thigh region through the 

skeletal structure. This resulted in sessions of highest pressure for both the shin and knee 

ROIs to occur during S5, when 600g was added to the thigh.  Figure 16 shows that the 

pressure associated with the correct sessions (S3 for the shin ROI and S4 for the knee ROI) 

were very close to the sessions of highest pressure for both the shin (orange *) and knee 

(yellow +) regions with weighted differences of 0.003 and 0.012 respectively.  

A summary of all participants across all sessions for both fibre-optic and resistive 

technologies are reported in Table 10. For each region, the sessions in which the highest 

and second highest pressures were observed are reported. Below each session identifier, 

the weighted difference between the two highest pressures is also reported. Looking at the 

Dw values for the correctly and incorrectly classified samples for each region, it is clear 

that Dw values are consistently lower for incorrectly classified samples, suggesting some 

kind of decision rule may be possible in a future fully autonomous monitoring system.  



  66 

 

The accuracy of detecting the correct session for each region is evaluated using two 

different conditions. The first accuracy is defined as correct identification of highest 

pressure during the session of corresponding weight addition for each ROI. The second 

accuracy is based on correct identification of the highest or second highest pressure during 

the session of corresponding weight addition for each ROI. For instance, when looking at 

the resistive PSM results based on participant three (P3) in Table 10, the highest pressure 

for the shin ROI occurred during S4 when the 600g was added to the knee. However, S3 

(when 600g as added to the shin) was identified as the second highest pressure. In this case, 

the correct session was not identified by the highest pressure but it was by the second 

highest pressure. Therefore, this ROI was not considered accurate based on the first 

accuracy constraints, but it was considered accurate based on the second accuracy 

constraints of 95% for the piezo-resistive PSM and 90% for the fibre-optic PSM.

FIGURE 16. PARTICIPANT 1 PRESSURE VARIATION AT EACH REGION OVER ALL SESSIONS, WHILE USING THE 

PIEZO-RESISTIVE BASED MEASUREMENT TECHNOLOGY 
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TABLE 10. CONTRIBUTION 3 PARTICIPANT AND MODEL PRESSURE RESPONSES 

Session with highest pressure: 
highest, 2nd highest and, weighted difference ( Dw) 

Resistive PSM Responses Fibre-Optic PSM Responses 

       Region 

Participant      

Ank. Shi. Kne. Thi. Abd. Ank. Shi. Kne. Thi. Abd. 

Model S2 (Ank.) 
S6 (Abd.) 

S3 (Shi.) 
S2 (Ank.) 

S3 (Shi.) 
S4 (Kne.) 

S4 (Kne.) 
S5 (Thi.) 

S6 (Abd.) 
S5 (Thi.) 

S2 (Ank.) 
S3 (Shi.) 

S3 (Shi.) 
S4 (Kne.) 

S4 (Kne.) 
S3 (Shi.) 

S5 (Thi.) 
S6 (Abd.) 

S6 (Abd.) 
S5 (Thi.) 

Dw = 0.033 Dw = 0.035 Dw = 0.005 Dw = 0.001 Dw = 0.024 Dw = 0.099 Dw = 0.062 Dw = 0.032 Dw = 0.002 Dw = 0.001 

P1 S2 (Ank.) 
S1 (Solo) 

S5 (Thi.) 
S3 (Shi.) 

S5 (Thi.) 
S4 (Kne.) 

S5 (Thi.) 
S6 (Abd.) 

S6 (Abd.) 
S5 (Thi.) 

S2 (Ank.) 
S3 (Shi.) 

S4 (Kne.) 
S3 (Shi.) 

S4 (Kne.) 
S3 (Shi.) 

S5 (Thi.) 
S6 (Abd.) 

S6 (Abd.) 
S5 (Thi.) 

Dw = 0.055 Dw = 0.003 Dw = 0.012 Dw = 0.022 Dw = 0.026 Dw = 0.283  Dw = 0.020 Dw = 0.089 Dw = 0.083 Dw = 0.001 

P2 S2 (Ank.) 
S5 (Thi.) 

S2 (Ank.) 
S3 (Shi.) 

S4 (Kne.) 
S3 (Shi.) 

S3 (Shi.) 
S4 (Kne.) 

S4 (Kne.) 
S6 (Abd.) 

S2 (Ank.) 
S4 (Kne.) 

S4 (Kne.) 
S3 (Shi.) 

S4 (Kne.) 
S3 (Shi.) 

S6 (Abd.) 
S4 (Kne.) 

S5 (Thi.) 
S6 (Abd.) 

Dw = 0.021 Dw = 0.008 Dw = 0.141 Dw = 0.008 Dw = 0.017 Dw = 0.107  Dw = 0.014 Dw = 0.014 Dw = 0.183 Dw = 0.007 

P3 S2 (Ank.) 
S3 (Shi.) 

S4 (Kne.) 
S3 (Shi.) 

S3 (Shi.) 
S4 (Kne.) 

S5 (Thi.) 
S4 (Kne.) 

S5 (Thi.) 
S6 (Abd.) 

S2 (Ank.) 
S3 (Shi.) 

S3 (Shi.) 
S4 (Kne.) 

S3 (Shi.) 
S6 (Abd.) 

S5 (Thi.) 
S6 (Abd.) 

S6 (Abd.) 
S3 (Shi.) 

Dw = 0.085 Dw = 0.002 Dw = 0.001 Dw = 0.156 Dw = 0.011 Dw = 0.229 Dw = 0.038 Dw = 0.024 Dw = 0.027 Dw = 
0.0002 

Accuracy  
using only 
highest 
session 

100 % 25 % 25 % 50 % 50 % 100% 50% 75% 75% 75% 

Accuracy  
using 
highest and 
2nd highest 
sessions 

100% 100% 100% 75% 100% 100% 100% 75% 75% 100% 
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6.6 DISCUSSION 

Ideally, for each ROI, the highest pressure would occur during the session when the 600g 

mass was added to the ROI with a large difference between the two highest pressures. It is 

also expected that the weighted difference between the two highest pressures will be larger 

in regions whose original mass was lower. For instance, the abdominal region is much 

heavier than the ankle region (14kg vs 800g [10]). When adding 600g to both regions, the 

relative impact of the addition will clearly be higher for the ankle and, therefore, one would 

expect this to be more clearly discernable. In agreement with this expectation, the weighted 

differences (a proxy for decision confidence) are generally lower at the thigh and 

abdominal regions when compared to the ankle, shin and knee regions.   

For both technologies, we were able to always accurately identify mass addition to 

the ankle region. Additions to other body regions were more difficult to identify. It is 

important to note that the resistive PSM was physically smaller and potentially truncated 

the abdominal ROI if the participant’s lower body was longer. Introducing a second 

resistive mat adjacent to the first one would be able to ensure that this was not the case in 

future studies. Overall, the fibre-optic PSM was better able to identify the correct session 

when only using the session of highest pressure for each ROI with an overall accuracy of 

75%. The overall accuracy using only the session with the highest pressure for the resistive 

PSM was 50%. However, when including the sessions with the highest and second highest 

pressures the piezo-resistive technology performed better with an overall accuracy of 95% 

(fibre-optic overall accuracy was 90%). Additionally, the Dw values for incorrectly 

classified sessions for each region based on the highest pressure session were 



  69 

 

generally smaller than correctly identified sessions for each region based on the highest 

pressure. 

For physically adjacent regions, mass additions were often observed to be 

distributed across the adjacent regions. This occurs more often in sessions associated with 

human participants rather than the model. It was predicted, and now confirmed, that the 

skeletal system would distribute mass additions from areas of minimal contact to areas in 

full contact with the mattress and thus PSM. For instance, the knee area while in the supine 

position has minimal contact with the surface of the mat, so any mass added to that location 

will be reflected either above or below at the shin (calf) or thigh (hamstring) regions 

respectively. When looking at the knee ROI, the response to mass addition at the knee, shin 

and thigh were very similar due to the aforementioned skeletal distribution. This led to 

incorrect identification of the session with the highest pressure for some ROIs. In this case, 

the correct session was usually identified as the second highest pressure with a small 

weighted difference between the highest and second highest.  

6.7 CONCLUSION  

This chapter presents an extension the work summarized in Chapter 5, published in IEEE 

MeMeA 2016 [12]. Here, spatial resolution issues and participant movement were 

addressed. The piezo-resistive measurement technology, with much improved spatial 

resolution, was introduced and proved that the algorithms developed here are able to 

estimate mass variation regardless of the underlying PSM technology used. Participant 

movement from session to session was addressed by the application of spatial averaging 

and semi-autonomous ROI selection. This allows for specific region comparison between 

sessions, even if the participant moved slightly between testing sessions.  In addition to 
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addressing these previously identified factors, the preprocessing methods have been 

updated here in order to include a new calibration procedure. A mattress was also 

introduced in order to recreate expected data collection conditions. Given its presence we 

were still able to detect changes in mass especially when looking at the ankle region, which 

is of particular relevance to CHF. 

Many of the health conditions that motivated this work are more prevalent in the 

older adult population. Therefore, future work may include the recruitment of more 

participants in the older adult age group in order to further characterize our methods , 

though testing procedure would follow those outlined in Chapter 7, as we are more 

interested in internal changes in fluid. 
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7 Contribution 4 - Evaluating Fluid Changes within the 

Human Body 

Some of the content of this chapter was originally published in EMBC 2016, and therefore 

contains some of the same content [14]. I was the lead author for this paper.  

 This chapter reports on two separate sets of experiments. Section 7.1 reports on the 

use of fibre-optic PSM and Section 7.2 reports on the use of a piezo-electric PSM for 

monitoring internal changes in fluid by introducing a series of bladder voiding and drinking 

events. 

7.1 PRELIMINARY EXPERIMENTATION 

Preliminary experiments were conducted using the fibre-optic PSM to establish whether 

large fluid ingestion and bladder voiding events could be detected. 

7.1.1 METHODS 

7.1.1.1 MEASUREMENT SYSTEM 

The measurement system includes a pressure-sensitive mat, containing a fibre-optic 

pressure sensor grid of 216 equally spaced (10x10cm) emitter-sensor pairs. All sensors are 

recorded at 20Hz sampling rate and saved to a CSV file for analysis. 

7.1.1.2 TESTING PROCEDURE 

A mixed density foam mattress, 15cm thick with no springs, was placed directly on 

the three PSMs on the floor. The PSMs were aligned vertically so that the entire body 

length could be captured. The previously created 2D anthropomorphic body model [16], 
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[17] was placed on the mattress, in order to achieve consistent body alignment for each 

testing session, as shown in Figure 17. 

 Data from all emitter-sensor pairs were collected over a two-minute calibration 

session while the mattress and 2D model were located directly on the PSMs. A healthy 

young adult female participant (1.70m, 60kg, 23yrs) was used for all further testing. 

After the initial calibration session was recorded, the participant voided her bladder. 

Immediately after, she aligned herself with the top of the 2D model in a supine position 

and was asked to move as little as possible. Data were recorded for a period of three 

minutes, which included lying down and getting up. The first and last 30 seconds were later 

removed, resulting in a two-minute data set with the participant supine without motion. 

To model typical fluid intake, the participant was asked to drink as much water as 

was comfortable, 700mL. The participant aligned herself with the top of the 2D model in 

a supine position and a 60-minute data file was recorded. Every 30 minutes after the init ia l 

fluid intake, the participant was asked to remain motionless for a two-minute period. At all 

other times, the participant was asked to remain in a supine position, but there was no other 

restriction on movement. After one hour had passed, the participant again voided her 

FIGURE 17. TESTING SET UP 
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bladder and repeated the three-minute measurement procedure. This resulted in four data 

files, the initial calibration file, the initial empty bladder file, the hour-long fluid intake file, 

and the final empty bladder file. 

7.1.1.3 SIGNAL PROCESSING 

The calibration data were used to identify the baseline activation state for each sensor and 

were used to reset the zero point for each testing file. As mentioned, the first and last 30 

seconds were eliminated from each testing file to exclude the entrance and exit of the 

participant. Temporal filtering (averaging over the remaining two minutes) was completed 

for each empty bladder data file and to the three two-minute sessions from the 60-minute 

Session 
Testing Pair 

Initial Comparison 

1 Initial Empty Bladder 
Immediately after 700mL fluid 

intake 

2 Initial Empty Bladder 30 minutes after 700mL fluid intake 

3 Initial Empty Bladder 60 minutes after 700mL fluid intake 

4 Initial Empty Bladder 
Immediately after second bladder 

void 

5 
Immediately after second bladder 

void 60 minutes after 700mL fluid intake 

 

TABLE 11. TESTING SESSIONS 

FIGURE 18. PARTICIPANT WITH INITIAL EMPTY BLADDER 

(A), IMMEDIATELY AFTER 700ML FLUID INTAKE (B), AND 

PRESSURE DIFFERENCE (C) 
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file. Figure 18 illustrates the pressure responses from the initial voided bladder, the intake 

of 700mL of water and the pressure differences between the two. This analysis was 

repeated for five pairs of data files as described in Table 11, resulting in Figure 18 through 

Figure 22.  

The data were segmented into four body regions, based on the ROI segmentat ion 

method describe in Chapter 6, (head, chest, abdominal area, and lower body). The 

abdominal area was chosen to encompass both the stomach and the bladder regions. For 

each of these segments, the data from the Initial test condition (panel A from Figure 18 

through Figure 22) were subtracted from the Comparison test condition (Panel B of same). 

FIGURE 19. PARTICIPANT WITH INITIAL EMPTY 

BLADDER (A) 30 MINUTES AFTER 700ML FLUID 

INTAKE (B), AND PRESSURE DIFFERENCE (C) 

FIGURE 20. PARTICIPANT WITH INITIAL EMPTY 

BLADDER (A), 60 MINUTES AFTER 700ML FLUID 

INTAKE (B) AND PRESSURE DIFFERENCE (C). 

FIGURE 21. PARTICIPANT WITH FINAL EMPTY 

BLADDER (A), 60 MINUTES AFTER 700ML FLUID 

INTAKE IMMEDIATELY PRIOR TO EMPTYING THE 

BLADDER (B), AND PRESSURE DIFFERENCE (C). 

FIGURE 22. PARTICIPANT WITH INITIAL EMPTY 

BLADDER (A), FINAL EMPTY BLADDER AFTER AN 

HOUR (B), AND PRESSURE DIFFERENCE (C). 
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Panel C of each figure illustrates the proportion of the total difference in pressure 

associated with each region, following Equation (13). The signal processing procedure for 

this experiment is summarized in Figure 23.  

(13) 𝑃𝐷𝑖 =
100

𝑛𝑢𝑚𝐶𝑜𝑙𝑠
∑

∑ 𝑃𝐷𝑟,𝑐𝑟∈𝑅𝑜𝑤𝑠𝑖

∑ 𝑃𝐷𝑟,𝑐𝑟∈𝐴𝑙𝑙𝑅𝑜𝑤𝑠

𝑛𝑢𝑚𝐶𝑜𝑙𝑠
𝑐=1  

 Where, numCols is the number of columns in the data (8), AllRows is the set of all 

rows (1..27), Rowsi is the set of rows belonging to body segment i, PDr,c is the pressure 

difference for row r column c, and PDi is the percent difference for each body region 

calculated (i = head, chest, abdomen, lower body). The resulting percentage is displayed 

and assigned a color on a scale from 0 to 100 in the corresponding body regions (Figure 

18C-Figure 22 C).  

 

FIGURE 23. CONTRIBUTION 4, PRELIMINARY SIGNAL PROCESSING SUMMARY 

7.1.2 RESULTS  

The physical locations of the stomach and bladder are very close with respect to total body-

length, making it more difficult to isolate each individually with the current resolution of 

Adjusted data were the 
absolute difference 
between the two minute 
calibration data and the 
testing data (fibre-optic 
PSM)

The first and last 30s of 
each session were 
eliminated

Time average computed 
for each session

Bilinear interpolation 
performed to smooth out 
images 

For each session, data 
were segmented into four 
body regions using a box 
selection tool in 
MATLAB

Data from testing pairs 
(Table 11) were 
subtracted from one 
another and the 
proportion of the total 
difference in pressure was 
computed (Equation 13)

The compared pressure 
images and resulting 
percent difference were 
visualized 
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the PSM. The bone structure of the back (spine and pelvis) when in a supine position also 

distributes the pressure caused by the bladder and the stomach to the same area. Therefore, 

the abdominal region discussed below includes both organs.  

 As can be seen in Figure 18, the additional 700mL is visible in the difference image 

at the abdominal region when compared to the initially voided bladder. Figure 19 and 

Figure 20 have similar difference images; both indicating that there was an increase in 

abdominal pressure due to the ingested water after 30 and 60 minutes respectively when 

compared to the initial empty bladder. Comparing these figures with the initial pressure 

signature (Figure 21) suggests that the ingested fluid has begun to distribute throughout the 

body, with increasing proportions of the pressure increase observed in the torso and legs, 

in addition to some fluid likely beginning to accumulate in the bladder.  

 The difference between the data from one hour after ingestion and the final empty 

bladder session is largest in the abdominal area, reflecting the loss of fluid from the bladder 

during urination (Figure 21). The difference between the two empty bladder sessions 

(Figure 22) has percent differences of smaller magnitude than changes associated with the 

other sessions, indicating a more even distribution of weight difference. The largest 

difference is located in the torso, with the abdomen exhibiting the second highest 

difference. This can be explained by the fact that not all the ingested water was voided after 

an hour. Some of the water absorbed and dispersed throughout the body has yet to be 

filtered and gathered in the bladder. This process is discussed further in the following 

section.  
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7.1.3 DISCUSSION 

The increase in overall pressure is clearly visible when the initial 700 mL of water was 

ingested, where we see a 79% increase in pressure in the abdomen. Additionally, there is a 

similar decrease in pressure, 78%, when comparing the final empty bladder to the 60 

minutes post fluid intake at the abdomen. Therefore, PSMs are able to detect fluid intake 

and output events. 

It is theorized that ingested water is absorbed through the stomach lining within 5 

to 120 minutes [18]. How long it takes the body to recognize this additional fluid load 

depends on the previous hydration status. Therefore, no additional water would be filtered 

if the person were dehydrated prior to drinking the water. In this case the participant was 

normally hydrated and it appears as though the fluid was absorbed quickly, and the fluid 

load detected and the filtering process was in progress within 30 minutes [18]. Further 

absorption and filtration appears to have occurred between 30 minutes and 60 minutes post 

hydration, suggested by the redistribution of pressure at the abdomen from 63% after 30 

minutes to 58% after 60 minutes. 

When comparing the initial empty bladder to the final empty bladder 60 minutes 

post-water-intake, the difference in pressure is more evenly distributed throughout the 

body. The largest area of pressure difference is now located in the torso, followed by the 

abdomen, lower body and head. It is expected that not all the 700mL of water would be 

absorbed, filtered and expelled within 60 minutes prior to the final empty bladder data set 

[18]. There should be more fluid distributed throughout the body after drinking water than 

before drinking. Figure 22C confirms this expectation with the percent pressure difference 

for each body region being more evenly distributed than any other testing session. 
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7.1.4 CONCLUSIONS 

This sub-chapter summarizes the proof of concept that it is possible to track fluid intake 

and output using PSMs. Experiments involved a young healthy female under idealized 

conditions, when drinking 700mL of water. Pressure changes associated with both fluid 

intake and fluid output is distinguishable.  

7.2 FINAL EXPERIMENTATION 

This section summarizes the final experimentation procedure and results, which were 

summarized in Chapter 3. This procedure builds from the internal fluid monitoring system 

summarized in the previous section. The novel additions include: the introduction of two 

additional postures (prone and side), the adjustment of testing conditions to differentiate 

between getting up to (1) void, (2) drink or (3) do nothing over a longer testing period 

(approx. 2h), and the introduction of augmented algorithms for analysis. Furthermore, the 

higher density piezo-electric PSM is used here. 

7.2.1 METHODS 

7.2.1.1 MEASUREMENT SYSTEM 

The measurement system utilized the piezo-resistive Tekscan™ HUGE MAT 5400N 

sensor and accompanying BPMS software. The PSM has a 22.76 x 34.8 x 0.012 in sensing 

area that contains 1768 sensels (0.39 x 0.39 in) 0.67 in apart on both the x and y axes. 

Therefore, the spatial resolution is 2.23 sensel/in2. The PSM was connected to a computer 

for data collection via a USB port using the Tekscan™ data logger, ‘Evolution Sensor 

Handle’, Figure 24. All data collection was performed using the BPMS™ software at an 8 

bit digital pressure resolution and sampled at 2 Hz [50].  
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For a given testing session, each PSM was placed on a rigid support surface (floor) and 

a mixed density foam mattress, 5.9 in thick with no springs, was placed directly on top. A 

pillow was provided at the head of the mattress for the participant’s comfort, which was 

not included in the sensing area. Due to the fact that the PSM was not long enough to cover 

the entire body, it was aligned so that the pressure sensing area covered from the 

participant’s shoulders to their upper legs. Depending on the testing parameters (described 

in the following section), the participant was asked to lie down in either a supine, prone or 

side position.  

7.2.1.2 EXPERIMENTAL PROCEDURE 

The built-in Tekscan BPMS calibration procedure was performed and applied prior to data 

collection. A healthy female participant (24 yrs, 5ft 7inch, and 130 lbs) was asked to lie 

down on the mattress with her head on the pillow in a prone position. Data collection 

commenced at a 2 Hz sampling rate when the PSM identified an applied load and continued 

collection for a period of 135 minutes. A test protocol was developed to model bed 

entrances and exits associated with and without bladder voiding events, and with and 

FIGURE 24. PIEZO-RESISTIVE PSM TESTING SET UP 
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without fluid intake events, as described in chapter 3. The experimental procedure was 

repeated for the other two postures (supine and side) under the same conditions.  

7.2.2 DATA ANALYSIS 

BPMS™ software was used to export pressure frame data for each testing session as a 

single CSV file. The file was transferred to MATLAB for all further processing. The 

average pressure response for each frame was calculated. Filtering was applied to both the 

average pressure response and each sensel’s pressure response. The filtering procedure 

included a five point median filter, followed by a fifth-order Butterworth filter and a 

Pressure response exported from the 
BPMS™  software (piezo-resistive PSM)

Spatial averaging was performed for 
each sample

Preprocessing was applied to both the 
spatially averaged data and to each 
sensel's pressure response

• five-point moving average filter

• fifth order Butterworth filter

• moving average filter with 30s windows 
overlapping by  10s

Region of Interest Selection

• Bi-linear interpolation performed on all 
pressure images

• An image mask was created every 3 
minutes

• 1point diamond structuring element used 
to open the image

• Mask was created using the built in 
‘activecontour’ function in MATLAB

• Anthropometric and morphological 
features used to further segment the 
mask in to either two r three ROI 
depending on the posture 

Spatial averaging was performed for 
each sample across each ROI for each 
posture

Thresholding was applied to extract 
active pressure sessions when the PSM 
was loaded

Creep compensation 

• Applied to the spatial average response from 
the whole PSM and from each ROI

• The first difference was calculated for across 
each active session   

• The average pressure response of the fourth 
minute was added to the first difference 
response

Temporal averaging performed across 
each active session for each region 

Percent change was calculated between 
consecutive sessions

FIGURE 25. CONTRIBUTION 4, FINAL RESULTS ANALYSIS PROCEDURE 
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moving average filter with windows of 30 seconds each, overlapping by 10 s. A summary 

of the entire data analysis procedure for the final experiment is displayed in the block 

diagram in Figure 25.  

 

TABLE 12. TESTING PARAMETERS 

SESSION 

NUMBER 
TIMING 

(MIN) 
PARTICIPANT 

STATUS  
PURPOSE 

1 10 On  Initial baseline bladder volume 

2 2 Off Stimulates bed exit with no changes 

3 10 On  Second empty bladder 

4 ~5 Off Participant was asked to void their bladder 

at the nearest facility to simulate night-
time bathroom visit.  

5 10 On  Pressure response associated with small 

bladder voiding event.  

6 ~5 Off Participant was asked to drink as much 
water as was comfortable (~1L) 

7 60 On  Pressure response associated with fluid 
distribution after drinking.  

8 ~5 Off Participant was asked to void their bladder 
at the nearest facility to simulate night-
time bathroom visit. 

9 10 On  Pressure response associated with large 

bladder voiding event.  

10 2 Off Simulates bed exit that has no changes  

11 10 On Second pressure response associated with 
large bladder voiding event.  

Total 130 minutes 
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7.2.2.1 REGION OF INTEREST SELECTION  

After data filtering, an automatic region of interest (ROI) selection tool was applied to each 

frame. Depending on the posture of the participant, either two or three ROIs were extracted 

(Table 13). Due to the skeletal structure of the human body, certain areas were not in 

contact with the mattress, resulting in slightly different ROIs defined for each pose. The 

 

FIGURE 27 SUPINE ROI EXTRACTION RESULT  

 

FIGURE 28 PRONE ROI EXTRACTION RESULT  

 

FIGURE 26 SIDE ROI EXTRACTION RESULT  
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temporal average of each ROI was then calculated and passed through to the next 

algorithmic step. The ROI extraction was based on basic image processing methods to 

obtain a binary mask of the image (i.e. loaded vs. unloaded sensels). This mask was then 

segmented into specific ROIs defined by the position of the participant during testing. 

Figure 27 - Figure 26 show a sample ROI segmentation for a single frame for each position.  

 The mask was further cut vertically into segments based on the pose the participant 

was in. While prone, three segments were used. The segments were identified based on 

anthropomorphic body segment averages and morphological features, such as the 

narrowing of the image mask, to identify the waist and the junction of the thighs [73], [74]. 

The first segment, labeled as the torso, was defined from the top of the pressure sensing 

area to the location of the waist. The second segment was defined from the waist to the 

junction of the thighs and was labeled as the abdominal region. The final sub-segment 

while the participant was prone was from the junction of the thighs to the end of the sensing 

area and was labeled as the upper thigh region.  

 While supine, the mask was simply cut at the sensel row containing the narrowest 

pressure response. This point represents the waist region of the individual in question and 

TABLE 13. REGION OF INTEREST SEGMENTATION 

Posture Number of Segments Segment Descriptions 

Prone (Stomach) 

3 1. Torso 

2. Hips 
3. Upper Legs 

Supine (Back) 

2 1. Torso 

2. Hips 

Side 

3 1. Torso 

2. Hips 
3. Lower Body 
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does not rely on average anthropomorphic measurements, resulting in a more 

individualized segmentation method. The first ROI, the torso, was defined from the top of 

the PSM to the waist location. The second ROI, the lower abdomen and the hips, was 

defined from the waist location to the bottom of the PSM. While in this positon, there was 

very little contact between the participant’s thighs and the mattress; thus, there is minimal 

upper leg pressure observed.  

 Finally, while lying on the left side, segmentation relied on a combination of the 

two aforementioned methods. First, the location of the hips/thighs was identified by finding 

the widest activated sensel row. From this location, the narrowest activated sensel row was 

then determined corresponding with the waist region. From this, the first sub-segment is 

defined from the top of the sensing area to the waist, the torso region. The second sub-

section, abdominal region, is defined from the waist to the largest active sensor row, 

representing the location of the hips/upper legs. The final sub-section is defined from the 

widest active region to the end of the PSM, representing the lower body region.  

7.2.2.2 CREEP COMPENSATION 

As defined in section 4.2, for the purposes of this thesis, we define drift as the tendency of 

the system output to fluctuate around continuous measurements caused by the fluctua t ion 

of the zero scale [76]. Creep refers to the systematic trend in observed pressure over time 

once the initial transient period (~ two minutes for these sensors) has passed [76]. For the 

piezo-resistive sensors, the manufacture suggested that creep is characterized by a ≤ 5% 

increase in pressure response over log time. Our data roughly follows the quoted trend. A 
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creep compensation algorithm was developed in order to (1) remove as much creep as 

possible and (2) to enable fair comparison between data recordings of different lengths.  

 After thresholding, to extract each sensor-occupied session, and data smoothing, 

the first difference between adjacent samples was calculated. This acts as a high-pass filter 

to de-trend the signal. To restore the DC offset, the de-trended data were then shifted by a 

factor corresponding to the average pressure response during the fourth minute from the 

filtered data and the 1st difference response, which had a zero mean drift response. The 

adjusted data (Adj) calculation is summarized in Equation (14) as seen in Figure 29. 

(14)   𝐴𝑑𝑗(𝑖) = (𝐷(𝑖 − 1) − 𝐷(𝑖)) + 𝑠 

Where s is  

(15)   𝑠 = 𝐷4 − 𝐴𝑑𝑗4 

Where D is either the average pressure response over the entire PSM or it is the average 

pressure response over each identified ROI. For each sample i, D is adjusted individua lly 

by the previous sample, D(i-1) and then adjusted by a shift factor, s. The shift factor is 

FIGURE 29. A SINGLE SENSEL LOADED 10 MINUTE SESSION WITH THE 

FILTERED PRESSURE RESPONSE (BLUE) AND THE CREEP ADJUSTED 

RESPONSE (ORANGE) 
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calculated based on the difference between the pressure response of the original data (D4) 

and that of the 1st difference (Adj4) response during the fourth minute of each session. The 

fourth minute was chosen because, (1) it was after the previously identified rise time [15] 

of each segment and (2) because it was within the time frame of the shortest loading 

segment. The resulting adjusted data (Adj) was then used as the pressure response at each 

sample. The creep-compensation was applied to the whole frame data and to each ROI 

segment under each posture conditions (prone, supine and side). The resulting creep-

compensated pressure response, while the participant was in a prone position, can be seen 

in Figure 30 

7.2.3 RESULTS 

Average creep compensated pressure responses are detailed in Table 14 for each posture 

across each loading period. The percent change (%∆) between the current session and the 

previous session are calculated for each posture, Equation (16). 

(16)           %∆ =
𝑝(𝑖)+𝑝(𝑖−1)

𝑝(𝑖−1)
∗ 100% 

 Where p(i) is the average pressure of the whole frame or for each ROI segment for 

current sub-session and p(i-1) is the average pressure of the whole frame or for each ROI 

segment for the previous sub-session as defined in Table 14. Positive percentages indicate 

an increase in pressure between sessions and negative sessions indicate a decrease in 

pressure. 
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The adjusted pressure response while the participant was in a prone, side and supine 

position for the ROI extracted pressure response can be seen in, Figure 30,Figure 32, and 

Figure 31, respectively. In all cases, it is very clear when the 1L was imbibed at 

approximately 40 minutes. The large bladder void is also clear in both the prone and side 

positions. It is not as clear when the participant was in a supine position. Pressure responses 

become clearer after ROI extraction was applied. 

 

FIGURE 30.  PRONE PRESSURE RESPONSE OF THE WHOLE PSM (BLUE), THE CREEP ADJUSTED PRESSURE 

RESPONSE OF THE WHOLE PSM (ORANGE), THE TORSO(PURPLE), THE HIP ROI (YELLOW), AND THE 

UPPER LEG ROI (GREEN) 
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FIGURE 31.  SIDE PRESSURE RESPONSE OF THE WHOLE PSM (BLUE), THE CREEP ADJUSTED PRESSURE 

RESPONSE OF THE WHOLE PSM (ORANGE), THE TORSO ROI (PURPLE), THE HIP ROI (YELLOW), AND THE 

UPPER LEG ROI (GREEN) 

FIGURE 32.  SUPINE PRESSURE RESPONSE OF THE WHOLE PSM (BLUE), THE CREEP ADJUSTED PRESSURE 

RESPONSE OF THE WHOLE PSM (ORANGE), THE TORSO ROI (PURPLE), THE HIP ROI (YELLOW), AND THE 

UPPER LEG ROI (GREEN) 
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TABLE 14. AVERAGE PRESSURE RESPONSE IN PSI (POSTURE & REGION) 

POSTURE: PRONE (STOMACH) 

REGION WHOLE FRAME  TORSO HIPS  UPPER LEGS 

SUB-SESSION  
Initial  0.093 % ∆ 0.024 % ∆ 0.037 % ∆ 0.015 % ∆ 

No-Change 0.099 6.07 0.024 -0.01 0.039 0.05 0.015 -0.01 

Small Void 0.082 -21.01 0.019 -0.25 0.034 -0.16 0.012 -0.22 

Drank 1L 0.090 8.57 0.024 0.21 0.035 0.04 0.012 -0.01 

Large Void 0.084 -6.92 0.021 -0.15 0.035 -0.00 0.011 -0.10 

No-Change  0.084 -0.44 0.021 0.01 0.035 0.01 0.010 -0.05 

POSTURE: SUPINE (BACK) 

REGION WHOLE FRAME  TORSO HIPS 

SUB-SESSION  
Initial  0.116 % ∆ 0.024 % ∆ 0.066 % ∆ 

No-Change 0.121 4.65 0.028 0.13 0.070 0.06 

Small Void 0.124 2.02 0.027 -0.02 0.070 0.00 

Drank 1L 0.135 8.39 0.034 0.18 0.078 0.11 

Large Void 0.135 0.29 0.033 -0.02 0.073 -0.07 

No-Change  0.136 0.44 0.031 -0.08 0.076 0.04 

POSTURE: SIDE (LEFT) 

REGION WHOLE FRAME  TORSO HIPS UPPER LEGS 

SUB-SESSION  
Initial  0.155 % ∆ 0.037 % ∆ 0.044 % ∆ 0.045 % ∆ 

No-Change 0.168 7.70 0.047 0.23 0.041 -0.08 0.044 -0.02 

Small Void 0.171 1.81 0.042 -0.13 0.056 0.27 0.035 -0.28 

Drank 1L 0.192 11.06 0.059 0.29 0.053 -0.06 0.041 0.17 

Large Void 0.183 -4.80 0.047 -0.26 0.054 0.02 0.041 -0.00 

No-Change  0.192 4.44 0.061 0.24 0.028 -0.95 0.068 0.39 
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  When looking at the prone position results in Figure 30, the torso region pressure 

response highlights the small bladder void at about 25 minutes. The large bladder void is 

also clear with a pressure decrease in all regions. The consecutive sessions with no changes 

in fluid distribution are similar in the overall pressure response as can be seen in Figure 30. 

Considering that this region contains both the bladder and stomach, this was not 

unexpected. 

In Figure 30 the torso region (in yellow) exhibits a small pressure reduction after 

the small bladder voiding event at approximately 25 minutes as well as a pressure decrease 

after the large void after approximately 40 minutes.  The pressure response due to 

consecutive sessions with no fluid changes is very similar in the overall pressure response 

and in the lower abdomen and hip ROI in Figure 30. 

When the position is changed, and the stomach is no longer directly in contact with 

the mattress and thus the PSM, fluid changes become harder to differentiate. This is seen 

in both the frame pressure response and ROI segmentation for both the side position 

(Figure 31) and the supine position (Figure 32).  

In order to determine if these percent changes between consecutive sessions were 

significant, random sampling was performed over each sensor-occupied session in order to 

perform an ANOVA statistical analysis with a null hypothesis that pressure response from 

each sensor-occupied session was the same. A piecewise comparison was then performed 

using MATLAB’s built in function to determine if each loading period was statistica l ly 

different from each other sensor-occupied session. The resulting multi-variable comparison 

is summarized in Table 15 -Table 17 for the torso segmented region while the participant 

was in a prone, supine and side position respectively. For each combination of sensor-
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occupied sessions, a p-value was calculated to define if their means were significantly 

different. The comparisons of consecutive sessions are highlighted to emphasize that 

corresponding sessions with no change were not statistically different (p > 0.05) and the 

corresponding sessions when fluid changes did occur are significantly different (p <0.05). 

As expected, the differentiation between sub-samples when nothing changed and sub-

samples when changes did occur (drinking or voiding) are most clear while the participant 

was on their front in a prone position. This is due to the fact that the areas of interest (the 

stomach and bladder regions) are in direct contact with the mattress and thus the PSM 

(Table 15). When looking at the results from the supine and side positions, periods of 

change are significantly different from one another, however the periods of no change are 

sometimes also identified as significantly different (Table 16 and Table 17). This may be 

caused by the skeletal system distributing the pressure from the bladder to other regions of 

the body, and thus masking the signal. The statistical summary tables from all three 

positions for the whole PSM and the other regions are included in Table 6. 
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TABLE 15. PIECEWISE COMPARISON BETWEEN EACH SUB-SESSION (PRONE – TORSO ROI) 
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1 - Initial 2 - After 1st 

No Change 

-0.00 0.00 0.00 0.93 

1 3 0.00 0.01 0.01 0.00 

1 4 -0.00 0.00 0.00 0.99 

1 5 0.00 0.00 0.00 0.00 

1 6 0.00 0.00 0.00 0.00 

2 - After 1st 
No Change 

3 - After 
Small Void 

0.00 0.00 0.01 0.00 

2 4 -0.00 -0.00 0.00 0.99 

2 5 0.00 0.00 0.00 0.00 

2 6 0.00 0.00 0.00 0.00 

3 - After 
Small Void 

4 - After 
Drinking 

-0.01 -0.00 -0.00 0.00 

3 5 -0.00 -0.00 -0.00 0.00 

3 6 -0.00 -0.00 -0.00 0.00 

4 - After 

Drinking 

5 - After 

Large Void 

0.00 0.00 0.00 0.00 

4 6 0.00 0.00 0.00 0.00 

5 - After 
Large Void 

6 - After 2nd 
No Change 

-0.00 -0.00 0.00 0.27 
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TABLE 16. PIECEWISE COMPARISON BETWEEN EACH SUB-SESSION (SUPINE– TORSO ROI) 

Supine – Torso ROI 
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1 - Initial 2 - After 1st 
No Change 

-0.00 -0.00 -0.00 2.1E-08 

1 3 -0.00 -0.00 -0.00 2.1E-08 

1 4 -0.01 -0.01 -0.01 2.1E-08 

1 5 -0.01 -0.01 -0.01 2.1E-08 

1 6 -0.01 -0.01 -0.01 2.1E-08 

2 - After 1st 

No Change 

3 - After 

Small Void 

0.00 0.00 0.00 2.0E-03 

2 4 -0.01 -0.01 -0.00 2.1E-08 

2 5 -0.01 -0.00 -0.00 2.1E-08 

2 6 -0.00 -0.00 -0.00 2.1E-08 

3 - After 

Small Void 

4 - After 

Drinking 

-0.01 -0.01 -0.01 2.1E-08 

3 5 -0.01 -0.01 -0.00 2.1E-08 

3 6 -0.00 -0.00 -0.00 2.1E-08 

4 - After 
Drinking 

5 - After 
Large Void 

0.00 0.00 0.00 3.5E-02 

4 6 0.00 0.00 0.00 2.1E-08 

5 - After 

Large Void 

6 - After 2nd 

No Change 

0.00 0.00 0.00 2.1E-08 
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TABLE 17. PIECEWISE COMPARISON BETWEEN EACH SUB-SESSION (SIDE– TORSO ROI) 

Side - Torso ROI 
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1 - Initial 2 - After 1st 

No Change 

-0.01 -0.01 -0.01 2.1E-08 

1 3 -0.01 -0.01 -0.00 2.1E-08 

1 4 -0.02 -0.02 -0.02 2.1E-08 

1 5 -0.01 -0.01 -0.01 2.1E-08 

1 6 -0.03 -0.02 -0.02 2.1E-08 

2 - After 1st 
No Change 

3 - After 
Small Void 

0.00 0.01 0.01 2.1E-08 

2 4 -0.01 -0.01 -0.01 2.1E-08 

2 5 -0.00 0.00 0.00 8.9E-01 

2 6 -0.01 -0.01 -0.01 2.1E-08 

3 - After 
Small Void 

4 - After 
Drinking 

-0.02 -0.02 -0.02 2.1E-08 

3 5 -0.01 -0.01 -0.00 2.1E-08 

3 6 -0.02 -0.02 -0.02 2.1E-08 

4 - After 

Drinking 

5 - After 

Large Void 

0.01 0.01 0.01 2.1E-08 

4 6 -0.00 -0.00 -0.00 5.5E-07 

5 - After 
Large Void 

6 - After 2nd 
No Change 

-0.02 -0.01 -0.01 2.1E-08 

 

7.2.4 DISCUSSION 

As can be seen in Figure 30 through Figure 31, the pressure response increases 

when the participant drank 1L of water. The pressure also decreases after the large bladder 

void in all positions. The small bladder void produces a corresponding reduced pressure 
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decrease when looking at the whole frame response while the participant was in a prone 

position. When in a side or supine position the whole frame response is unable to identify 

this small decrease in pressures. However after the ROI segmentation, the small decrease 

in pressure associated with the small bladder void becomes clear in the abdominal ROIs 

for both the side (Figure 31) and supine (Figure 32) positions. The consecutive sessions of 

no fluid changes produce relatively consistent pressure responses the prone and supine 

positions of the whole frame pressure response. Additionally, the regions that did not 

overlap with the areas containing the stomach or the bladder presented with very consistent 

pressure responses when no changes were experienced (e.g. the upper leg ROI (yellow in 

Figure 30) when in a prone position). 

The pose of the participant during testing had a large impact on fluid variation 

pressure detections. As mentioned, in some postures, pressure distributed from the stomach 

and/or bladder may not be in direct contact with the mattress, and hence the PSM. This 

effects the pressure response measurements for the side and supine positions the most. 

Some of the pressure from the addition or removal of fluid to the stomach or bladder is 

observed to be distributed to the adjacent ROIs. 

In the case of the side position, some of this pressure is observed in the abdomen 

region with a small contact area, some is translated to the hip and upper leg ROI, and some 

is translated to the shoulder region (Figure 31). When an individual is lying in a supine 

position, there is very little pressure response in the abdominal region due to the curvature 

of the spine. The pressure associated with additions or removal of fluid to stomach or the 

bladder is therefore translated to the hip and to the torso ROIs (Figure 31). The pressure 
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variations with fluid additions and removals are detectable when considering all the ROIs, 

however it is difficult to isolate a single ROI that contains all of the pertinent information. 

We are able to detect the pressure response due to bladder voiding events and 

drinking events. This work has implications in the monitoring of nocturia. Being able to 

more consistently and accurately detect nighttime bathroom visits that included a voiding 

event can potentially surpass current unreliable self-reporting methods and provide 

important information for achieving better treatment plans. Better treatment and 

monitoring may also improve quality of life and reduce the occurrence of hospitalizat ions 

that are associated with some of the root conditions of nocturia. 

Additionally, future work may include the use of a PSM that has a higher digita l 

resolution (>8bit). The very small changes in pressure that are hypothesized to occur due 

to fluid absorption and distribution throughout the body are masked by the low digita l 

resolution of this particular PSM. These minute pressure variations would be the most 

pertinent to CHF monitoring, specifically the identification of fluid edema. All algorithms 

developed for this study were designed to be compatible with any pressure input, therefore 

changing the underlying PSM technology is entirely possible.  

7.2.5 CONCLUSIONS  

This chapter described the results of the use of PSMs to monitor and detected 

internal fluid changes. Three postures (prone, supine and side) were considered when lying 

on a foam mattress placed directly on the Tekscan™ PSM. It has been observed that this 

PSM experiences a logarithmic creep over time, resulting in pressure responses that never 

truly settle when taking long term measurements such as these. A creep compensation 
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algorithm was created and was applied to all spatially averaged data for the full PSM and 

for each of the extracted ROIs. 

The pressure responses associated with drinking 1L of water and then voiding one’s 

bladder approximately one hour later were very clear across all positions. A ROI extraction 

algorithm was created to more specifically identify smaller internal fluid changes. Small 

bladder void events that occurred prior to drinking 1L were detectable in the abdomen ROI 

and adjacent regions all postures. Finally, consecutive sessions when no fluid changes were 

performed, had consistent pressure responses when looking at the whole frame pressure or 

when looking at the pressure associated with the ROI. 

The implications of theses results for monitoring nocturia were discussed and future 

work was proposed to extend this work to the other conditions known to be dependent of 

fluid distribution (CHF and kidney failure). Future work may also include monitoring the 

spatial pressure response associated with fluid distribution internally over the course of the 

testing sessions. Specifically, to investigate whether it is possible to monitor fluid 

absorption and distribution expected with CHF patients. More participants are needed to 

fully evaluate the current results and create a classification system that could be used either 

at home or in a hospital setting.  
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8 Conclusions and Future Work 

8.1 THESIS CONCLUSIONS   

The main objective of this thesis was to evaluate if internal changes in fluid, that may be 

indicative of a variety of health conditions common amongst older adults, were detectable 

using PSMs. A series of four increasingly complex and realistic experiments were 

performed culminating in the final contribution where internal fluid changes, induced by 

drinking and voiding, were detectable. A system of algorithms was developed and updated 

throughout the thesis contributions that included a strategy for creep compensation, an 

automatic posture-specific ROI segmentation algorithm, and a mean pressure comparison 

between subsequent sensor-occupied sessions (as defined in the final experiment).  

 In the first iteration of the system, a simplistic 1:1 sensel subtraction comparison 

between two different loading testing sessions was employed. This algorithm was used to 

validate the anthropometric model and identify if external mass additions applied to the 

model at key locations on the lower body were detectable. The algorithm was then updated 

to include a semi-automatic ROI selection that permitted the user to create bounding 

rectangles around ROI during data analysis. This was done in conjunction with the 

introduction of human participants and the transition to a new higher-density PSM.  

 The final algorithm was developed with an updated testing procedure and evaluated 

in three different postures, where the participant was asked to lie down and get up and then 

return to the mattress multiple times. While the participant was off the mattress they were 

asked to either change their fluid distribution (drinking or voiding) or do nothing. An 

automatic ROI segmentation algorithm was created that was specific to each posture 
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(prone, supine or side) using basic image processing techniques and known anthropometr ic 

measurements. The three PSM technologies considered in this thesis all exhibit some level 

of creep response under continuous loading, leading to a signal that never truly settles. A 

creep compensation algorithm was also created to account for this continual increase in 

pressure by de-trending the signal and restoring the DC component. Finally ANOVA 

statistical analysis was performed based on these results. A piecewise variable comparison 

was conducted to identify if the means of each sensor-occupied session were significantly 

different.  

 As expected, the results for the prone posture produced the clearest pressure 

response, due to the bladder and stomach regions being in direct contact with the mattress 

and hence the PSM. In this position the consecutive sessions of no change were not 

significantly different, while the consecutive sessions where changes in fluid did occur 

were significantly different with a p-value <0.05. This was even clearer when looking at 

the torso ROI. While in a supine and side position, the participant’s skeletal system 

distributed the mass from the bladder and stomach to other regions of the body, making 

detection more difficult. The introduction of more participants is essential in order to fully 

quantify the capabilities of this system.  However, these results are quite promising.  

 Being able to accurately and non-invasively monitor minute changes in fluid 

distribution can lead to better monitoring procedures for conditions such as CHF and 

nocturia. This may lead to earlier identification of health decompensations, reducing the 

number of long term hospital visits and allowing older adults to live at home safely and 

comfortably for longer.  
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8.2 CONTRIBUTIONS 

This thesis has provided four main contributions. The first contribution being the 

preliminary work used to reduce the confounding factors associated with PSM testing by 

creating an anthropometric human body model to eliminate noise introduced by human 

participants [10], [15]. The second contribution was identifying that it was indeed possible 

to track external mass application (modeling fluid retention) under idealized conditions  

using PSM [12]. The third contribution included the first iteration of a ROI extraction 

algorithm in conjunction with the introduction of human participants. External mass was 

applied to key regions of the lower body over a series of experiments and the increase in 

pressure associated with the addition of mass was observed. Finally, the fourth contribution 

was the final set of algorithms containing the automatic ROI segmentation based on image 

processing techniques and creep compensation [14]. This work also demonstrated that we 

were able to use PSMs to track, not only external mass applications, but internal changes 

in fluid that were induced by asking a participant to drink fluid and subsequently void their 

bladder. Particularly in the prone position, statistically significant changes in observed 

pressure were observed for drinking and voiding events.  

8.3 LIMITATIONS 

8.3.1 HUMAN MOVEMENT 

 The human body is in constant motion, from very small muscle tremors and blood 

flow to the constant breathing movement. Additionally, dynamic movement experienced 

during some stages of sleep will influence the pressure response and may lead false 

indications of mass change [35], [66].  
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8.3.2 POSTURE  

Patient posture during data recording must also be accounted for. Work conducted in our 

lab has previously demonstrated that it is possible to detect patient posture under static 

conditions [32]. This thesis also demonstrates that fluid distribution is measureable using 

the PSM in the prone, supine, and side positions. The problem becomes more complex 

when dynamic conditions are introduced (e.g. restless sleep).  

PSMs do not directly measure a patient’s mass, but quantify the contact pressure 

and contact area. This means that, due to limited sensitivity and sensel saturation, and the 

relative location of the mass applied, multiple pressure values can be observed based on 

the same applied mass. This phenomenon may occur when an individual is lying in a supine 

position vs. when they are sitting up. Their mass remains consistent, but the pressure 

response will appear larger while sitting due to the mass transfer from the upper body. 

Therefore, a posture identification system is needed in order to identify when an individua l 

is either prone or supine for an accurate comparison. Foubert et al. have developed a 

posture recognition system using pressure sensors that provided a 80-90% detection 

accuracy for eight distinct postures [32]. Adaptation of their classification system may be 

able to account for this confounding factor when tracking mass distribution changes.  

8.3.3 PARTIAL PSM COVERAGE  

While the transition to the piezo-electric mats represented an improvement in sensel 

density, unfortunately, these PSMs do not cover the entire mattress. Therefore, errors may 

be introduced when a person’s mass is not entirely applied to the PSM [85]. When only 

part of the total body mass is applied to the PSM, false changes in mass may be identified. 

Shifting of mass while only partially on the pressure sensors may be falsely identified as a 
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change in mass distribution. Using larger mats that cover the entire bed surface will help 

address this potential confounding factor. 

8.4 FUTURE WORK 

This section highlights some factors that must be addressed prior to real-world 

implementation of the algorithm described in this thesis. Some of these factors have been 

addressed or partially addressed by the introduction of ROI segmentation and creep 

compensation. Other factors may be addressed by implementing the work of previous 

students that have used PSMs to measure other health related signals.  

 For all participant experiments in this thesis, drinking/consumption events and  

bladder voiding events were approved under the ethics protocol (CUREB approval #10343-

0230). Future work may include an application to the ethics board to also include asking 

participants to fast prior to experimentation. It is suspected that the pressure response may 

be influenced by food consumption and digestion, which may confound fluid distribution 

detection. Asking participants to fast prior to experimentation may determine if this is an 

issue that needs to be addressed computationally during analysis. 

 Further testing is needed to track fluid as it is absorbed and distributed throughout 

the body, filtered by the kidneys and returned to the bladder in preparation for urination. A 

temporal comparison of the spatially average pressure response from data collected in the 

final experiment is planned to address this area of future work. Due to the creep response 

and low digital resolution of the piezo-resistive PSM, the introduction of a PSM that has 

both a high spatial resolution and a high digital resolution may be needed for future 

measurements because the changes we are interested in are very small. This may provide 

a more definitive explanation about how long it takes for fluid to travel through the body 
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and how much is actually absorbed. The application of computer simulations (e.g. Comsol) 

to model scenarios associated with fluid intake, absorption, and distribution could allow 

for multiple conditions to be evaluated in a shorter period of time. Additionally, modeling 

the fluid distributional pattern that is expected in CHF patients may provide a baseline 

measurement for the identification of fluid in true cases.  

It is proposed that the application of the PSM to peritoneal dialysis patients be 

investigated. While an individual is undergoing this treatment, the amount of fluid added 

to the blood and the amount of fluid filtered out is constantly recorded by the dialys is 

machine. This could be used as a gold standard measurement to directly relate pressure 

response to fluid input and output.  

This work was a preliminary investigation into the PSM’s ability to track fluid 

changes. The introduction of more participants is necessary to fully evaluate this method 

of fluid tracking and is planned for future work. Additionally, a more thorough 

investigation is needed with more participants in order to fully characterize the fluid cycle. 

Measurements of the amount of fluid expelled would also allow for the computation of 

how much fluid is being absorbed over a defined period of time. 

As mentioned, the algorithm developed here, can be applied to any PSM 

technology. The introduction of novel pressure sensors may lead to better fluid tracking 

results. There are a few novel pressure sensors being developed; including one being 

designed by a fellow graduate student here at Carleton University, the pressure sensitive 

bed sheet developed by studio1labs [39], and the pressure sensitive fabric being 

implemented in clothing at Google’s Project Jacquard [38]. This work is ready to leverage 

improvements in sensor technologies. 
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 Appendix A: Contribution 2 & 3 Supplemental Materials 

 

A.1 MODEL RESULTS 

 

 

FIGURE 33. MODEL PRESSURE VARIATION AT EACH REGION OVER ALL SESSIONS, WHILE USING THE FIBRE-OPTIC 

BASED MEASUREMENT TECHNOLOGY 
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FIGURE 34. MODEL PRESSURE VARIATION AT EACH REGION OVER ALL SESSIONS, WHILE USING THE PIEZO-

RESISTIVE BASED MEASUREMENT TECHNOLOGY 

A.2 PARTICIPANT 2 

 

FIGURE 35. PARTICIPANT 2 PRESSURE VARIATION AT EACH REGION OVER ALL SESSIONS, WHILE USING THE 

FIBRE-OPTIC BASED MEASUREMENT TECHNOLOGY 
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FIGURE 36. PARTICIPANT 2 PRESSURE VARIATION AT EACH REGION OVER ALL SESSIONS, WHILE USING THE 

PIEZO-RESISTIVE BASED MEASUREMENT TECHNOLOGY 

A.3 PARTICIPANT 3 

 

FIGURE 37. PARTICIPANT 3 PRESSURE VARIATION AT EACH REGION OVER ALL SESSIONS, WHILE USING THE 

FIBRE-OPTIC BASED MEASUREMENT TECHNOLOGY 
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FIGURE 38. PARTICIPANT 3 PRESSURE VARIATION AT EACH REGION OVER ALL SESSIONS, WHILE USING THE 

PIEZO-RESISTIVE BASED MEASUREMENT TECHNOLOGY 
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Appendix B Contribution 4 Supplemental Materials  

B.1. Prone 

Prone – Whole PSM 
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1 - Initial 2 - After 1st 

No Change 

-0.01 -0.01 -0.00 2.1E-08 

1 3 0.01 0.01 0.01 2.1E-08 

1 4 0.00 0.00 0.01 2.1E-08 

1 5 0.01 0.01 0.01 2.1E-08 

1 6 0.01 0.01 0.01 2.1E-08 

2 - After 1st 
No Change 

3 - After 
Small Void 

0.02 0.02 0.02 2.1E-08 

2 4 0.01 0.01 0.01 2.1E-08 

2 5 0.01 0.02 0.02 2.1E-08 

2 6 0.01 0.02 0.02 2.1E-08 

3 - After 
Small Void 

4 - After 
Drinking 

-0.01 -0.01 -0.01 2.1E-08 

3 5 -0.00 -0.00 -0.00 4.7E-03 

3 6 -0.00 -0.00 -0.00 1.9E-02 

4 - After 

Drinking 

5 - After 

Large Void 

0.00 0.01 0.01 2.1E-08 

4 6 0.00 0.01 0.01 2.1E-08 

5 - After 
Large Void 

6 - After 2nd 
No Change 

-0.00 0.00 0.00 10.0E-01 
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Prone - Hip ROI 
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1 - Initial 2 - After 1st 
No Change 

-0.00 0.00 0.00 9.3E-01 

1 3 0.00 0.01 0.01 2.1E-08 

1 4 -0.00 0.00 0.00 10.0E-01 

1 5 0.00 0.00 0.00 2.1E-08 

1 6 0.00 0.00 0.00 2.1E-08 

2 - After 1st 

No Change 

3 - After 

Small Void 

0.00 0.00 0.01 2.1E-08 

2 4 -0.00 -0.00 0.00 10.0E-01 

2 5 0.00 0.00 0.00 2.1E-08 

2 6 0.00 0.00 0.00 2.1E-08 

3 - After 
Small Void 

4 - After 
Drinking 

-0.01 -0.00 -0.00 2.1E-08 

3 5 -0.00 -0.00 -0.00 2.1E-08 

3 6 -0.00 -0.00 -0.00 2.1E-08 

4 - After 
Drinking 

5 - After 
Large Void 

0.00 0.00 0.00 2.1E-08 

4 6 0.00 0.00 0.00 2.1E-08 

5 - After 

Large Void 

6 - After 2nd 

No Change 

-0.00 -0.00 0.00 2.7E-01 
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Prone – Upper Leg ROI 
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1 - Initial 2 - After 1st 
No Change 

-0.00 0.00 0.00 1.9E-01 

1 3 0.00 0.00 0.00 2.1E-08 

1 4 0.00 0.00 0.00 2.1E-08 

1 5 0.00 0.00 0.00 2.1E-08 

1 6 0.00 0.00 0.00 2.1E-08 

2 - After 1st 

No Change 

3 - After 

Small Void 

0.00 0.00 0.00 2.1E-08 

2 4 0.00 0.00 0.00 2.1E-08 

2 5 0.00 0.00 0.00 2.1E-08 

2 6 0.00 0.00 0.00 2.1E-08 

3 - After 
Small Void 

4 - After 
Drinking 

-0.00 0.00 0.00 4.0E-01 

3 5 0.00 0.00 0.00 2.1E-08 

3 6 0.00 0.00 0.00 2.1E-08 

4 - After 
Drinking 

5 - After 
Large Void 

0.00 0.00 0.00 2.1E-08 

4 6 0.00 0.00 0.00 2.1E-08 

5 - After 

Large Void 

6 - After 2nd 

No Change 

0.00 0.00 0.00 9.1E-03 
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B.2. Supine 

Supine – Whole PSM 
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1 - Initial 2 - After 1st 
No Change 

-0.01 -0.01 -0.00 2.1E-08 

1 3 -0.01 -0.01 -0.01 2.1E-08 

1 4 -0.02 -0.02 -0.02 2.1E-08 

1 5 -0.02 -0.02 -0.02 2.1E-08 

1 6 -0.02 -0.02 -0.02 2.1E-08 

2 - After 1st 

No Change 

3 - After 

Small Void 

-0.00 -0.00 0.00 4.8E-02 

2 4 -0.01 -0.01 -0.01 2.1E-08 

2 5 -0.02 -0.01 -0.01 2.1E-08 

2 6 -0.02 -0.01 -0.01 2.1E-08 

3 - After 
Small Void 

4 - After 
Drinking 

-0.01 -0.01 -0.01 2.1E-08 

3 5 -0.01 -0.01 -0.01 2.1E-08 

3 6 -0.01 -0.01 -0.01 2.1E-08 

4 - After 
Drinking 

5 - After 
Large Void 

-0.00 -0.00 0.00 6.8E-01 

4 6 -0.00 -0.00 0.00 3.1E-01 

5 - After 

Large Void 

6 - After 2nd 

No Change 

-0.00 -0.00 0.00 9.9E-01 
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Supine - Hip ROI 
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1 - Initial 2 - After 1st 
No Change 

-0.01 -0.00 -0.00 2.1E-08 

1 3 -0.00 -0.00 -0.00 5.0E-06 

1 4 -0.01 -0.01 -0.01 2.1E-08 

1 5 -0.01 -0.01 -0.01 2.1E-08 

1 6 -0.01 -0.01 -0.01 2.1E-08 

2 - After 1st 

No Change 

3 - After 

Small Void 

-0.00 0.00 0.00 3.3E-01 

2 4 -0.01 -0.01 -0.01 2.1E-08 

2 5 -0.00 -0.00 -0.00 4.6E-06 

2 6 -0.01 -0.01 -0.00 2.1E-08 

3 - After 
Small Void 

4 - After 
Drinking 

-0.01 -0.01 -0.01 2.1E-08 

3 5 -0.01 -0.00 -0.00 2.1E-08 

3 6 -0.01 -0.01 -0.01 2.1E-08 

4 - After 
Drinking 

5 - After 
Large Void 

0.00 0.01 0.01 2.1E-08 

4 6 0.00 0.00 0.00 2.6E-06 

5 - After 

Large Void 

6 - After 2nd 

No Change 

-0.00 -0.00 -0.00 3.2E-05 
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B.3. Side 

Side – Whole PSM 
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1 - Initial 2 - After 1st 
No Change 

-0.02 -0.01 -0.01 2.2E-08 

1 3 -0.02 -0.01 -0.01 2.1E-08 

1 4 -0.04 -0.04 -0.03 2.1E-08 

1 5 -0.03 -0.03 -0.02 2.1E-08 

1 6 -0.04 -0.03 -0.03 2.1E-08 

2 - After 1st 

No Change 

3 - After 

Small Void 

-0.01 -0.00 0.00 5.4E-01 

2 4 -0.03 -0.02 -0.01 2.1E-08 

2 5 -0.02 -0.01 -0.01 2.1E-08 

2 6 -0.03 -0.02 -0.02 2.1E-08 

3 - After 
Small Void 

4 - After 
Drinking 

-0.03 -0.02 -0.02 2.1E-08 

3 5 -0.02 -0.01 -0.01 2.1E-08 

3 6 -0.02 -0.02 -0.02 2.1E-08 

4 - After 
Drinking 

5 - After 
Large Void 

0.00 0.01 0.01 1.5E-06 

4 6 -0.00 0.00 0.01 9.6E-01 

5 - After 

Large Void 

6 - After 2nd 

No Change 

-0.01 -0.01 -0.00 5.2E-05 
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Side – Hip ROI 
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1 - Initial 2 - After 1st 
No Change 

0.00 0.00 0.00 2.1E-08 

1 3 -0.01 -0.01 -0.01 2.1E-08 

1 4 -0.01 -0.01 -0.01 2.1E-08 

1 5 -0.01 -0.01 -0.01 2.1E-08 

1 6 0.02 0.02 0.02 2.1E-08 

2 - After 1st 

No Change 

3 - After 

Small Void 

-0.02 -0.02 -0.01 2.1E-08 

2 4 -0.01 -0.01 -0.01 2.1E-08 

2 5 -0.01 -0.01 -0.01 2.1E-08 

2 6 0.01 0.01 0.01 2.1E-08 

3 - After 
Small Void 

4 - After 
Drinking 

0.00 0.00 0.00 2.1E-08 

3 5 0.00 0.00 0.00 3.1E-04 

3 6 0.03 0.03 0.03 2.1E-08 

4 - After 
Drinking 

5 - After 
Large Void 

-0.00 -0.00 -0.00 1.3E-02 

4 6 0.02 0.03 0.03 2.1E-08 

5 - After 

Large Void 

6 - After 2nd 

No Change 

0.03 0.03 0.03 2.1E-08 

 

  



  115 

 

 

Side – Upper Leg ROI 
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1 - Initial 2 - After 1st 
No Change 

-0.00 0.00 0.00 6.2E-01 

1 3 0.01 0.01 0.01 2.1E-08 

1 4 0.00 0.00 0.00 2.1E-08 

1 5 0.00 0.00 0.00 2.1E-08 

1 6 -0.02 -0.02 -0.02 2.1E-08 

2 - After 1st 

No Change 

3 - After 

Small Void 

0.01 0.01 0.01 2.1E-08 

2 4 0.00 0.00 0.00 2.4E-08 

2 5 0.00 0.00 0.00 2.6E-08 

2 6 -0.02 -0.02 -0.02 2.1E-08 

3 - After 
Small Void 

4 - After 
Drinking 

-0.01 -0.01 -0.01 2.1E-08 

3 5 -0.01 -0.01 -0.01 2.1E-08 

3 6 -0.03 -0.03 -0.03 2.1E-08 

4 - After 
Drinking 

5 - After 
Large Void 

-0.00 0.00 0.00 1.0E+00 

4 6 -0.03 -0.03 -0.02 2.1E-08 

5 - After 

Large Void 

6 - After 2nd 

No Change 

-0.03 -0.03 -0.02 2.1E-08 
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