
 

 
 

 

Validation of a Health Monitoring In-Bed System using 

Speckle Patterns 

 

Rafael da Silva Bento 

 

Dissertation to obtain the Master of Science Degree in 

Electrical and Computer Engineering 

 

Supervisor(s):  Prof. Paulo Sérgio de Brito André 

                                 Prof. Paulo Luís Serras Lobato Correia 

 

Examination Committee: 

Chairperson: Prof. José Eduardo Charters Ribeiro da Cunha Sanguino 

Supervisor: Prof. Paulo Luís Serras Lobato Correia 

Member of the Committee: Prof. Hugo Humberto Plácido da Silva 

 

June 2018 

  



ii 
 

  



iii 
 

Declaration 

I declare that this document is an original work of my own authorship and that it fulfills all the 

requirements of the Code and Good Practices of the Universidade de Lisboa. 

  



iv 
 

 



v 
 

Acknowledgments 

Having completed my Master Science Degree in Electrical and Computer Engineering, I would like to 

thank the people who, directly or indirectly, were important to my success in this important phase of my 

life. 

To Instituto Superior Técnico and the Instituto de Telecomunicações, who provided the necessary 

conditions during the course of the dissertation to successfully complete it. To Instituto de 

Telecomunicações in particular, due to the funding and workplace that it provided. 

To the dissertation supervisors, Prof. Paulo Sérgio de Brito André and Prof. Paulo Luís Serras Lobato 

Correia, for the opportunity to perform this work and their availability during its course. 

To Tanmay Verlekar, for the help provided during the computational implementation of the processes 

made throughout the dissertation. 

To Prof. Hugo Humberto Plácido da Silva, for the evaluation provided during the presentation of 

IIEEC and respective suggestions that allowed a better understanding of the focus needed in the 

dissertation. 

To Paulo Barata, for the help provided in assembling the materials used for the prototype used and 

his suggestions for it. 

To my colleagues Bruno Pincho, João Rosa, João Vieitas and Tiago Ribeiro who provided significant 

support during the dissertation, as well as all the friends who were present during this period. 

To my girlfriend Ana Catarina, who was not only present in my best and worst moments, as well as 

being a constant support during my stay at Instituto Superior Técnico. 

Finally, to my family, for the support and motivation they gave me during this whole journey. 

Thank you very much to all of you. 

 



vi 
 

  



vii 
 

Resumo 

Assegurar o bem-estar dos pacientes nas instalações médicas é o principal objetivo da equipa médica, 

que inclui não só tratar os sintomas apresentados pelos pacientes, como também assegurar uma 

monitorização eficiente do seu estado de saúde e prevenir riscos derivados de problemáticas 

específicas a instalações médicas, como quedas de camas e feridas. A estadia prolongada nas camas 

é responsável por estes perigos que podem levar ao adiamento da saída do paciente. 

A dissertação atual visa validar uma possível solução para o problema de úlceras de pressão, 

através de tecnologia baseada em sensores de fibra óptica. Tal solução permite a sua prevenção, 

através da monitorização contínua do movimento e sinais vitais do paciente, respeitando os termos de 

privacidade das instalações médicas e apresentando baixo custo de manutenção. Além disso, alivia o 

horário de trabalho da equipa médica.O protótipo tem como objectivo detectar distúrbios causados 

pelos movimentos e sinais vitais da pessoa, através de um sensor óptico, usando fibras ópticas 

plásticas, através da análise de padrões speckle. A fim de avaliar a eficiência do sensor em identificar 

tais distúrbios, os métodos de detecção de transição de disparo de edge change ratio e correlacção 

foram usados. 

Os sinais capturados pelo protótipo foram processados através da correlacção e edge change ratio 

entre padrões consecutivo de speckle. Essas relações permitiram concluir que a fibra óptica é sensível 

a 2 dos 3 tipos de distúrbios (movimento e respiração), que podem ser utilizados na prevenção de 

comportamentos relacionados com a aparência de úlceras de pressão. 
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Abstract 

Ensuring the well-being of patients in medical facilities is the main objective of its medical staff, which 

includes not only treating the symptoms presented by patients, but also ensuring an efficient monitoring 

of their health status and preventing hazards caused by medical facilities related issues, such as bed 

falls or bed sores. Extensive bedding is the cause of such hazards, which can lead to extending the 

patient’s stay in the medical facilities.  

The dissertation aims to validate a possible solution to the problem of bed sores by using optical fiber 

sensor-based technology. Such solution allows its prevention, through the continuous monitoring of 

patient’s vital signs (breathing and heartbeat) and movements, respecting the medical facilities privacy 

terms and maintain a low maintenance cost. The prototype aims to detect the disturbances made by the 

person’s movements and vital signs, through the use of an optical sensor, on plastic optical fibers via 

speckle pattern analysis. In order to assess the efficiency of the sensor at identifying such disturbances, 

the shot transition detection methods of edge change ratio and correlation were used. 

The data captured by the prototype was processed through the computation of the correlation and 

edge change ratio between consecutive speckle patterns. These computations made it possible to 

conclude that the optical fiber is sensible to 2 out of the 3 types of disturbances (movement and 

breathing), which can be used in the prevention of behaviors related to bed sores appearance. 
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1 Introduction  

Health Monitoring In-Bed (HMIB) represents the set of precautions taken to reduce and prevent the 

hazards caused by falls that result from the decline in the physical and psychological patient’s capacities, 

as well as maladies created in the body caused by the inactivity characteristic from a long inactive 

period. HMIB systems are used to guarantee that, when the patient requires absolute rest or to remain 

in bed for long periods of time (bedridden patients), there is an efficient way to know when a fall occurs, 

as well as measuring and analyzing the pressure exerted in the patient body [1], [2]. 

Standard HMIB systems require the verification of bedridden patient conditions at regular time 

periods and eventual changes in their bed position to minimize the risk of developing Hospital-Acquired 

Pressure Ulcers (HAPU), which are pressure ulcers created on the patient’s body due to extensive 

bedding periods. HMIB monitoring is currently done primarily with periodic visits from the medical staff 

that changes the patient position and checks their skin condition [3], [4]. Occasionally, pressure plates 

that detect excessive pressure on the skin have been used in HAPU prevention systems. These 

methods don’t represent ideal solutions, since the number of bedridden patients with problems caused 

by extensive bedding period is quite high and implies an excessive workload for the medical staff, which 

results in an increase of the Nurse-Per-Bed (NPB) ratio [1]. 

1.1 Problem Statement 

The need for constant monitoring of bedridden patients is a recurrent issue in the medical field, since it 

requires medical staff readily available to detect and care for every affected patient [5]. The higher work 

schedule creates issues for the medical staff that leads to a higher burden in financial and human 

resources, leading to the need for HMIB systems [6]. 

Undetected falls and accumulated body pressure should be early detected, to avoid medical 

problems of higher severity. HMIB procedures are difficult to implement in an environment with a large 

diversity of factors such as age and medical conditions (patient factors), as well as staff schedules and 

unpredictable workload (medical staff factors), which affects the efficiency that standardized procedures 

have on bedridden patients. Patient factors affect the frequency and severity of the two main concerns 

of HMIB, while staff factors can put in jeopardy the correct application of the prevention procedures [3], 

[7].  
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1.2 Motivation 

Existing HMIB systems can be classified as reactive and preventive: the reactive methods consist of 

reducing the time-period needed to assist the bedridden patient, while the preventive methods consist 

of individual patient data analysis in order to prevent the occurrence of bed falls and HAPU [3], [7]. 

The HMIB systems currently implemented in medical facilities primarily include reactive methods 

such as accelerometers and video images, as well as standardized 2 hour-period check-ups. These 

systems not only incur in direct costs derived from their implementation, represented by financial costs 

and human resources related to their maintenance, they’re also inefficient at decreasing the NPB ratio 

and assuring a better quality of overall patient’s care [3]. 

Regarding the fall of bedridden patients, the decline of physical and cognitive abilities caused by 

factors such as advanced age, accidents or specific diseases leads to a necessary higher level of 

monitoring when compared to other patients. The higher level of monitoring required increases the 

workload of the medical staff already overburdened under normal circumstances in their daily work [3]. 

Relevant data to support these claims are the estimation that among 0. 295 % to 1. 300 % of patients fall 

from their beds daily, as well as 67 % of bed falls victims lately detected that suffer maladies leading to 

a premature death, when compared to an early detection. Lastly, the rate of survival on post-fall elderly 

patients has an increasing range from 48 % to 75 % when comparing late detection to early detection 

[1], [8]. 

Studies made by the center for disease control and prevention center, located in the United States 

of America show that, in 2000, the medical expenses associated with fatal and non-fatal bed falls 

reached 179 million dollars and 19 thousand million dollars, respectively. Since such values only refer 

to the elderly and it is estimated that the percentage of the worldwide elderly population will grow from 

11 % to 22 %, between 2000 and 2050, the related values of bed falls are higher worldwide nowadays, 

with a tendency to increase in the future [9], [10]. 

The inactivity characteristic from an extensive bedding period increases the probability of HAPU, a 

malady difficult to detect because of the current high ratio of NPB [1]. There is a probability between 8 % 

and 40 % of intensive care unit patients to develop HAPU, since the 2-hour routine check-ups are 

inefficient to detect them in time [11], [12], [13]. 

In addition to the health and well-being costs originated from HAPU which include disfigurement, loss 

of productive time and body image changes, an annual cost between 2.2 and 3.6 thousand million dollars 

originated from these maladies is estimated [13]. The cost of individual treatment for these patients, 

which includes the healing of the pressure ulcer and extended bedding period, amounts to approximately 

20 times the cost of a HAPU free case [14].   

Although the two HMIB main problems represent a drain for the medical facilities resources, the 

applied investment for the bed falls problematic which created solutions such as surveillance systems, 

commercial bed exit systems and accelerometers that detect velocities associated with falls has proven 

to objectively improve the time period response rates in most medical environments [3], [9], [10], [11], 
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[7]. On the other hand, it is harder to monitor behaviors related to HAPU because of the higher number 

of parameters needed to take into account, such as intensity of the pressure points, distance between 

them, patient mobility upon detecting pain, moisture of the skin, as well as the difficulty in having a good 

assessment only by following visual observation procedure [2], [15]. Considering the current situation of 

the solutions available for both HMIB main problems, the HAPU detection will be the main focus of the 

dissertation. 

1.3 State of the Art 

The correct care of bedridden patients is a primary concern for the medical staff, since any kind of 

mishandling of their condition can potentially be harmful health-wise. This is especially true for the HAPU 

problematic, since it is difficult to make early identifications of its appearance in the patient’s body. 

The current section main purpose is to study the state of the art methods for HAPU prevention 

systems, the general problems encountered in solutions already designed and the signals which will be 

used with the prototype to validate the considered HAPU prevention system. It will show the difficulty at 

performing a good monitoring of the patient skin condition and identifying the probability of HAPU 

appearances that is currently primarily performed by manual checking, as well as in transposing 

theoretical HAPU prevention methods to HAPU prevention systems.  

1.3.1 HAPU Monitoring 

Given the knowledge about each patient’s condition and relevant parameters that may lead to the 

appearance of HAPU, the most common solution for its prevention is the setup of regular check-ups, 

which is typically every 2 hours, aimed at checking the patient condition [3]. The monitoring consists of 

a visual analysis performed by medical staff, with posterior rearrangement of the patient position when 

needed. The caregiver may move the patient’s body, change the angle of the upper side of the bed or 

request further exams to be made. 

Although there are different methods to analyze the risks that lead to HAPU, a universally accepted 

tool is the Braden Scale, which represents a set of visual guidelines for the medical staff to follow [15]. 

Taking into account several parameters such as sensory perception, moisture, physical activity, mobility, 

nutrition and friction, the patient’s caregiver attributes a number between 1 and 4 to each of those 

parameters when making the visual analysis. These numbers are given after corresponding guidelines 

of each parameter to the specific conditions of the patient, in order to obtain a final score. There is an 

inverse relationship between the final score and the probability of the patient developing HAPU, making 

the Braden scale an effective tool to determine the risks of HAPU [2], [15]. 

Table 1.1 shows information of the official Braden Scale used to predict the risk of the development 

of HAPU [15].  
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Table 1.1 – Braden Scale assessment (adapted from [15]). 

Braden Scale 
Parameters 

Intensity Level 

1 2 3 4 

Sensory Perception 
(Ability to respond 

meaningfully to 
pressure related 

discomfort) 

Unresponsive to 
painful stimuli over 

the overall body 
surface 

Responds only to 
painful stimuli. Has 
sensory impairment 

Difficulty to 
communicate 

discomfort. Has 
some sensory 

perception 

Responds to verbal 
commands with no 

limitations 

Moisture (Degree to 
which skin is 
exposed to 
moisture) 

Skin is moist almost 
constantly 

Skin is moist most 
times 

Occasionally moist Skin is usually dry 

Activity (Degree of 
physical activity) 

Confined to bed. 
Ability to walk 

severely limited 

Walks occasionally 
for short time-

periods 
Walks frequently 

Mobility (Ability to 
change and control 

body position) 

Completely 
immobile, requires 
assistance to move 

Unable to make 
significant 

movement charges 

Makes frequent 
slight changes 
independently 

No movement 
limitations 

Nutrition (Usual 
food intake pattern) 

Doesn’t finish 
complete meals 

Rarely finishes 
complete meals 

Eats over half of 
the meals 

Completely finishes 
meals 

Friction and Shear 

Requires frequent 
repositioning with 

maximum 
assistance 

Requires minimum 
assistance 

Maintains a 
constant good 

position 

 

 

With the exception of the “Friction and Shear” category (classified from 1 to 3) each category is 

classified from 1 to 4, making for a range of total score points between 6 and 23 [15]. Through the use 

of the information taken from table 1.1, it is possible to determine the risks of developing HAPU as very 

high risk (total score points between 6 and 9), high risk (total score points between 10 and 12), moderate 

risk (total score points between 13 and 14), mild risk (total score points between 15 and 18) and no risk 

(total score points between 19 and 23). Higher risk levels lead to higher sets of medical care needed in 

order to treat the patient [15]. 

Although the visual analysis itself doesn´t require the use of technology, there is a high variation of 

its efficiency, since the 2 hour-period generally applied for the check-up may lead to a low response rate 

and consequentially worsen the patient’s medical condition. The experience and knowledge of pressure-

based maladies vary among the medical staff, further increasing the possibility of non-detection of 

particular types of ulcers. It can be concluded that relying exclusively on visual check-ups isn’t the most 

desirable solution [3], [7]. 

The use of the Braden Scale to assess the factors leading to HAPU isn’t well prepared for a 

technological implementation, since there are parameters that can’t be taken into account (nutrition and 

moisture) and are hard to objectively measure (activity and mobility). The lack of easy direct 

implementation of the Braden Scale in a technological implementation makes it necessary to use either 

some of its parameters or alternatives that experiment variations linked to the appearances of HAPU. 
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1.3.2 Efficiency of HAPU Monitoring 

Any type of HAPU prevention system requires extensive testing and evaluation in order to be accepted 

in medical facilities. This acceptance can only be achieved by performing tests aimed at assessing the 

validity of the HAPU systems. The obligation to ensure the overall safety of the people used in the 

experimental tests to determine the efficiency of the HAPU systems is simultaneously a requirement 

and a hindrance in their acceptance [7], [16]. 

Given the high-test time required for the determination of damages occurred from HAPU, the number 

of study cases for the problematic is lower than ideal, making it harder to attest the viability of HAPU 

systems.   

Another main impact on the validity of HAPU systems resides in the fact that the damages done on 

the participants present in these experimental tests must be minimized for ethical reasons. Although 

necessary, it creates a constraint for the models used, since the reliability of each HAPU stage of severity 

can’t compromise the body condition of the volunteers [17].  

It can be concluded that these restrictions make it so that desirable HAPU prevention should 

guarantee their efficiency in the identification of the 4 different stages of severity that corresponds to 

different time periods of recovery time for the patient [15]. 

1.3.3 Existing HAPU Detection/Prevention Solutions 

HAPU systems present a wide variety of implementations. They can use sensors located on the patient’s 

body, on the bed itself or in the environment around it. The type of implementation can be defined by 

the time period where they act: responsive methods (detection) detect the HAPU after showing signs 

on the patient’s body, while preventive methods (prevention) present the probability of HAPU 

appearance before they show on the patient’s body. The advantages taken from their use can go from 

increasing the response rate of medical staff (detection) to detecting pattern behaviors that lead to the 

HAPU’s themselves (prevention) [12], [7]. 

The commonly used HAPU systems consist mainly of visual, audio and pressure inputs. The use of 

these inputs aims to detect harmful situations to the patient well-being and reduce the corresponding 

time-period response rate [3], [11], [7]. The detection solutions are easier to implement in an already 

overloaded work environment and bypass the problematic of the experimental results quality previously 

discussed in section 1.3.2.  

The most common HAPU detection methods include periodic check-ups, which were already 

discussed in section 1.3.1, as well as the use of surveillance cameras and modal sensors: 

• Surveillance cameras: Shows a higher efficiency at ensuring the constant monitoring of 

bedridden patients, when compared to periodic check-ups by the medical staff. It provides 

continuous monitoring (performed by the medical staff) that tracks potentially dangerous 
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situations leading to HAPU, such as long time-periods of inactivity and unorthodox positions, as 

well as allowing the use of medical staff for personalized patient concerns [7]. The continuous 

observation of the patient’s activities is one of the most common methods used, requiring 

medical staff that monitor multiple patients simultaneously and sound an alarm when dangerous 

behaviors are observed [9]. 

The solution offers a low-cost entry level, its monitoring process enables a single caregiver to 

monitor multiple patients and it allows the periodic check-ups to be used mainly for specific 

concerns [9]. On the other hand, it requires the caregiver in charge of the surveillance task to 

be constantly vigilant and doesn’t remove the need for the periodic check-up visits, making the 

high ratio of NPB a problem still present with such system [9], [11], [12]; 

• Monitoring bed patient system with the use of multimodal sensors: Configurations of different 

types of data inputs that make it possible to detect postures classified as dangerous for the 

patient well-being and dispatch the medical staff in order to alter them. There are two 

configurations of this system: a combination of pressure and video, which enables visual and 

movement-like detections of the patient, as well as a combination of pressure, ultrasound and 

passive infrared modality, which gives highly detailed information about the pressure exerted on 

the bed [7]. 

The first configuration enables an all-around monitoring of the bed, easy to be calibrated and 

used, while the second configuration presents a low-cost solution that is highly configurable 

from the pressure view. On the other hand, the lightning present in the bedroom location and 

the type of clothes themselves can alter the feasibility of the results of the first configuration, 

while also being a method that breaches the patient privacy and is computationally intensive to 

use. The second configuration is sensitive to the background noise and interference around the 

bed, which is particularly worrisome given the multitude of systems and people that are present 

in medical facilities [7].  

It can be concluded from the previously mentioned HAPU detection systems that an easy integration 

into the workload of the medical staff, which happens when they don’t contribute to a significant extra 

workload, is essential for acceptance by the medical facility. On the other hand, it has been difficult to 

implement systems that give specific information about the pressure exerted on the patient’s body, as 

well as making sure that the systems themselves aren’t affected by the environment of the medical 

facility.  

The HAPU solutions currently in development primarily represent HAPU prevention systems, which 

makes it difficult to implement them, given the problems of experimental results quality previously 

discussed in section 1.3.2. Some HAPU prevention systems which have been presented as promising 

are the Microsoft Kinect technology integrated as a patient monitoring system, the use of pressure 

sensors based on optical fibers and wearable pressure sensors: 

• Microsoft Kinect technology as a patient monitoring system: Microsoft Kinect technology 

implemented in a medical environment in order to prevent HAPU occurrences [10], [4]. The 

Kinect depth information is used to replicate the environment of the patient bed with the use of 
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laser light patterns and it has the ability to function as an in-bed movement detection system, 

bed-exit movement system and a bed-fall-prevent system [3]. From the 3 system types, only 

the bed-movement detection is applicable for HAPU prevention purposes.  

Regarding the advantages of the system for movement detection, the experimental tests 

showed that the amount of lightning present in the room has no impact on its readings, while 

also giving accurate detection rates for the patient’s movement [3]. Although it is a better 

surveillance system than the commonly implemented surveillance cameras because of the 

greater imaging reliability and the lack of privacy breaching, the information obtained through it 

simultaneously doesn’t eliminate the need for periodic check-ups neither does it provide 

additional information to be used in a HAPU prevention system; 

• Pressure sensors based on optical fibers: Although there are currently implemented solutions 

that detect the pressure exercised on the patient bed as a state of occupation, those 

information’s aren’t relevant for the pressure exercised on patient’s body itself. A solution aimed 

at solving the issue is to map the movements made by each patient during several tests with 

the use of pressure sensors based on optical fibers [4]. The use of fiber optic pressure sensors 

arrays to identify the exact movements of the patient makes it possible to extract that information 

for algorithms that recognize and identify specific dangerous conditions, as well as the 

transitions between each of them. With this information, it is possible to know ahead of time 

possible dangerous habits of the patient that lead to HAPU [4]. 

The most common, although inefficient, method to personalize this information has been to 

make questionnaires for the patients to answer. Not only is this issue eliminated with this 

prevention system, it also has shown promising test results. Given the nature of the system 

itself, there is a period of evaluation time where the system only extracts information for the 

identification of the positions for each patient, which isn’t a desirable characteristic for an issue 

with serious consequences if lately detected [4];   

• Wearable pressure sensor: A wearable device which communicates with a tablet, that sends 

alerts to a designed caregiver whenever it is time for a change in position according to the 

protocols established by the medical facility [2]. The wearable device can pinpoint the condition 

of specific points in multiple parts of the human body and match them with the Braden. This 

information is then sent as a visual representation to a tablet with which the caregiver interacts 

in order to know the due time for the patients reposition [2].  

The tests already made with it show that this system can be easily integrated into the workflow 

of the medical staff and reliably sends information about the location and damage of the 

pressure ulcers created on the human body [2]. Although seen as a promising solution to the 

HAPU problematic, it requires the device to be attached around the wanted regions. These 

factors not only can increase the financial cost of the solution but also not be appropriate for all 

the patients, since there it can be impractical to attach the wearable device in certain regions of 

the patient body due to their condition. 

It can be concluded from the previously mentioned HAPU prevention systems that increasing the 

quality of the information already collected by the periodic check-ups and complementing it is essential 
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in the systems. On the other hand, the heavy reliance on periodic check-ups or need for extra 

adjustments from the medical staff may make it unnecessarily complicated to use both kinds of systems 

simultaneously. 

The study of the HAPU detection and prevention systems makes it possible to understand that 

successful continuous monitoring of patient’s body that complements the periodic check-ups, as well as 

a low-cost resources requirement, are essential for the implementation of a successful HAPU prevention 

system. Taking into account the difficulty previously mentioned of detecting the Braden Scale 

parameters and the complications that arise from the systems that do take them into account, the access 

of the state of the patient by using his vital signs can complement the information from his movement’s 

readings. With these characteristics in mind, it can be concluded that the movements, breathing and 

heartbeat will be the type of disturbances to be used in the detection validity of the prototype.  

1.4 Dissertation Objectives  

The main objective of the dissertation is to develop and test a prototype system based on an optical 

sensor, by analyzing the speckle patterns emitted by optical fibers. The prototype is intended to be a 

confirmation of the viability of a scenario considered as a HAPU prevention system. The considered 

scenario will be presented in the “Proposed HAPU Prevention solution” section. 

The considered scenario will be evaluated following the methodology outlined below: 

• Decision on the optimal type of fiber to be used for obtaining the desired speckle pattern, through 

the analysis of the characteristics presented by multiple fiber types; 

• Analysis of the speckle pattern characteristics that make it suitable for the detection of 

movements and vital signs, as well as unwanted factors that can alter the speckle pattern itself; 

• Choice of the algorithms to be applied to extract features for speckle pattern images, in order to 

analyze the information they convey. The choice will be made through the analysis of the 

advantages and disadvantages of methodologies commonly used in other fields, now applied 

for speckle patterns; 

• Development of a prototype and it’s validation for the considered scenario;  

• Discussion of the obtained results and their implications on the validity of the considered 

scenario. 
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1.5 Dissertation Outline 

The dissertation is divided into 5 chapters, structured as follows: 

• Introduction: The introductory chapter presents the motivation for this dissertation, the state of 

art of HAPU, as well as the objectives and structure for the work; 

• Theoretical Background: The theoretical background chapter presents the foundations of the 

themes needed to justify the technology used in the dissertation, as well as the type of analysis 

to be made in the experimental evaluation; 

• Proposed HAPU Prevention Solution: The proposed solution chapter presents the considered 

solution for the HAPU prevention and the prototype to be worked with in the dissertation, in 

order to validate the detection of the signals intended to be detected. An overview of the 

equipment and experimental techniques used to obtain the speckle patterns and signals to be 

analyzed during the experimental evaluation is also provided, respectively; 

• Experimental Evaluation: The experimental valuation chapter presents the tests made for each 

of the types of disturbances considered. The results from each type of test are also discussed, 

namely the capacity of detection of the prototype along with the implications to the considered 

scenario; 

• Conclusions and Future Work: The conclusions chapter presents the main conclusions taken 

from the experimental evaluation chapter and compares them with the proposed objectives. It 

also presents proposals for future work.  
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2 Theoretical Background 

The current chapter lays the foundations for the design of the prototype setup such as the fibers optic 

sensors possible to be used, the use of the speckle pattern and the algorithms used to obtain 1𝐷 data 

through which the disturbances detection can be validated: 

• Fiber Optic Sensors: Discussion of the characteristics that make this technology a good choice 

to integrate in a HAPU prevention system, as well as the specific type of fiber optic most 

appropriate to be used; 

• Speckle Pattern: Discussion of the relevant parameters that influence the visual representation 

of the images seen through the chosen fiber optic sensor, which should be taken into account 

at obtaining the speckle pattern; 

• Vital Signs: Discussion of the expected range of results upon measuring the breathing and 

heartbeat signs on bedridden patients; 

• Detection of Changes in Speckle Pattern Images: Discussion of the methodology used to 

detect changes in the speckle pattern images, due to the applied disturbances. It includes how 

to identify false positives and the choice of methods used in the dissertation, considering some 

of the state of the art methods; 

• Chapter Conclusions: Assessment of the information taken from the theoretical background, 

to be used during the prototype design and experimental evaluation. 

2.1 Fiber Optic Sensors 

The use of fiber optic sensors is a possible technological solution for an accurate reading of vital signs 

and patient’s movements. These types of sensors will be the base for the prototype which presents the 

objective of detecting such readings in order to validate a considered scenario of an HAPU prevention 

system [4]. The current section deals with the relevance of fiber optic technology to be used for the 

prototype, particularly the relevance of Plastic Optical Fibers (POF), as well as the information path 

alongside the fiber itself. 

The ideal HAPU solutions requires characteristics that are inherent to fiber optic sensors such as the 

decreased weight and size which makes them less intrusive for medical environments, the inexistence 

of sparks considered as a necessity in risk-free environments, as well as low financial costs that lower 

the financial burden. Such characteristics make the fiber optic sensors an optimal technology not only 

from a biomedical viewpoint, as well as in implementing a HAPU prevention system from an efficiency 

viewpoint [18]. 

One type of fiber optic sensor that presents itself as a viable candidate in the prototype design is the 

POF. It presents relevant advantages for sensing applications such as high flexibility in bending and 

sensitivity to strain, as well as excellent compatibility with organic materials and the capacity to not 
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produce shards when broken. These characteristics makes them ideal for the detection of the 3 signals 

(movement, heartbeat and breathing) to be tested in the dissertation [19], [20]. 

The POF aren’t absent of flaws, since not only they present an effective range of 100 meters that 

may not be enough to cover the necessary area, they also don´t supply the best resolution possible that 

may be required for the detection of specific bed sores. The use of Microstructured Plastic Optical Fibers 

(MPOF) makes it possible to have sensing applications with higher resolutions through the Bragg fiber 

gratings. The use of Graded Index Profile Plastic Optical Fibers (GIPOF) provides better resolution on 

sensor applications if the corresponding signal can be transmitted over long lengths of fiber [19], [21]. 

However, for the purpose of both the prototype and the medical environment such disadvantages aren´t 

relevant, since the effective range of 100 meters is enough for the intended application and a better 

resolution comes with a higher financial cost that is unwanted.  

Taking into account the advantages and disadvantages of the different types of fiber optic sensors 

previously discussed, particularly the low cost of the technology, the POF is chosen as the most suitable 

optical fiber type to be implemented in the prototype.  

2.1.1 Plastic Optical Fibers 

Although it is common nowadays to use POF in a multitude of applications, their early developments in 

the 1960´s weren´t so successful. These early versions suffered from high values of attenuation which 

led to great losses of signal intensity when compared to the Glass Optical Fiber (GOF), a characteristic 

that isn’t currently true [18], [22]. 

Among the many benefits obtained with the development of POF over the last decades, the low 

financial buying cost and high value of bandwidth, coupled with low values of attenuation, makes them 

the primary reason for this type of technology to be highly sought by in the market [18], [22]. 

POF is a type of waveguide fabricated with a variety of different optical polymers that includes 

Polymethyl-Methacrylate (PMMA), Amorphous Fluorinated Polymer (CYTOP), polystyrene and 

polycarbonate. Some of the characteristics present in these optical polymers correspond to advantages 

associated with the use of POF technology from a medical viewpoint [18]: 

• PMMA: Low-value density (1195 𝑘𝑔/𝑚−3), when compared to the value of GOF (2200 

𝑘𝑔/𝑚−3), contributes to the low weight of the POF, while the high elastic limit (10 %), when 

compared to the low value of GOF (between 1 % and 3 %) contributes to the higher resistance 

against external damages of the POF [18]; 

• CYTOP: Optical polymer with the best thermal stability. Since the humidity of the environment 

lowers the necessary stability period frame-time, while the presence of extreme temperatures 

increases the rate of transmission losses from the fiber, this type of polymer presents itself as 

ideal for temperature variable environments [18].  
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The high resistance to damage and temperature variable environments is especially useful in medical 

facilities, since it guarantees the longevity of a HAPU prevention system that uses POF’s. 

The POF technology is constituted by 3 different concentric layers: the most interior layer called core 

serves the purpose of transmitting the receiving light from the environment, the adjacent layer called 

cladding  contains the light within the core through the creation of an optical waveguide that performs a 

total internal reflection on their interface and, finally, the external coating is the exterior layer that protects 

the optical fiber against physical and environmental damage [18]. 

Figure 2.1 shows a representation of these 3 different concentric layers of the POF. 

Figure 2.1 – Optical fiber construction (adapted from [18]). 

The tests made in the context of the dissertation only use a POF with the internal layer of the core. 

As previously discussed, the signal travels inside the POF with the use of total internal reflection of the 

core-cladding interface. This method of transmission corresponds to 2 different configurations; in Single 

Mode fiber (SM) the receiving light travels on the core in 1 single path, while in Multimode fiber (MM) 

the light travels through several different paths [18]. 

The number of modes on a POF can be determined with the use of the normalized frequency of the 

propagating wave (𝑉), which is defined as  

𝐕 =
𝟐𝛑𝐚

𝛌
× 𝐍𝐀,    (2.1) 

where 𝑎 is the core radius, 𝑁𝐴 is the numerical aperture and 𝜆 is the wavelength. SM’s are characterized 

by 𝑉 < 2.405, while MM are characterized by 𝑉 ≥ 2.405 [19]. 𝑁𝐴 represents the width range of angles 

in which the optical system receives information by transmitting or receiving light, which is defined as 

𝐍𝐀 = √(𝐧𝟐
𝟐 − 𝐧𝟏

𝟐),   (2.2) 

where 𝑛2 is the index of refraction of the core and 𝑛1 is the index of refraction of the cladding (the 

equation (2.2) takes into account that the external medium of the POF is the air). The number of modes 

of MM (𝑁) can be defined as  

𝐍 =
𝐕𝟐

𝟐
.   (2.3) 

The analysis of the equations (2.1) and (2.3) makes it possible to conclude that the number of modes 

in MM depends on the wavelength that is denominated as the cutoff wavelength. Sensor applications 
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benefit from high values of  𝑁𝐴, since they lead to an increase in coupling efficiency and reduces bending 

losses. The high values of 𝑁𝐴 characteristic in POF’s makes their use beneficial for this type of 

application [19]. 

The different light waves modes have different traveled distances and phase. The points of contact 

between these individual light waves will result in either a constructive interference (equi-phase) or in a 

deconstructive interference (anti-phase), which results in the light phenomenon dubbed as the granular 

spatial speckle pattern [23]. The speckle pattern serves as the method to analyze the influence that the 

disturbances chosen to be tested in the prototype have and conclude on the capability of detecting them. 

2.2 Speckle Pattern 

The reflection that a coherent optical signal suffers, after contacting with a non-flat surface, creates a 

specific angle of the wavelet. The different angles of the wavelets create interference between 

themselves upon coming into contact with one another. This interference results in a speckle pattern as 

shown in figure 2.2, which shows a granular spatial speckle pattern obtained as an example of the 

intended type of image to be analyzed in the dissertation. The black dots shown in it correspond to the 

deconstructive interference, while the white dots correspond to the constructive interference [24]. 

Figure 2.2 – Example of a speckle pattern. 

The current section main purpose is to describe the main parameters relevant for the analysis 

between pairs of speckle pattern images such as intensity of the speckle points, speckle size, number 

of speckles and number of modes, as well as techniques to measure speckle patterns and the influence 

that external factors have on them.  
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2.2.1 Statistical Intensity Distribution 

In order to begin the study of the speckle properties, it is considered that the intensity field incident at 

the point 𝑃(𝑥, 𝑦, 𝑧) on the output surface is completely monochromatic and polarized. With this condition 

in mind, the intensity field ( 𝑈(𝑥, 𝑦, 𝑧)) can be represented by 

𝐔(𝐱, 𝐲, 𝐳) = 𝐀(𝐱, 𝐲, 𝐳) × 𝐞𝟐𝛑×𝐟𝐭,    (2.4) 

where 𝑓 is the optical frequency and 𝐴(𝑥, 𝑦, 𝑧) is the complex phase amplitude. 𝐴(𝑥, 𝑦, 𝑧) represents the 

sum of the contributions of the output surface that is seen from the POF viewpoint, which is represented 

by 

𝐀(𝐱, 𝐲, 𝐳) = ∑ (|𝐚𝐧| × 𝐞𝐣×𝛉𝐧),𝐍
𝐧=𝟏    (2.5) 

where 𝑁 is the total number of wavelets, 𝑎𝑛 is the amplitude of the current wavelet and 𝜃𝑛 is the phase 

of the current wavelet. The equations of (2.4) and (2.5) can be used to know the magnitude of the 

speckle pattern intensity (𝐼(𝑥, 𝑦, 𝑧)) at the point 𝑃(𝑥, 𝑦, 𝑧), which can be represented by 

𝐈(𝐱, 𝐲, 𝐳) = |𝐚(𝐱, 𝐲, 𝐳)𝟐|, (2.6)  

where 𝑎(𝑥, 𝑦, 𝑧) represents the coordinates of the wavelet. Figure 2.3 shows the Intensity distribution 

varying with the diffraction order of a plane wave. 

Figure 2.3 – Intensity distribution varying with the diffraction order of a plane wave (adapted from 

[24]).  

The parameter 𝛼 on figure 2.3 represents the phase difference between the direct wavelet and the 

wavelet after the impact on the non-flat surface that is aimed by the POF [24]. 

Although the total speckle pattern intensity remains stable, its variations along the fiber give 

knowledge about the 3 disturbances to be applied on the prototype. The total number of black and white 

dots representative of a speckle pattern, as seen in figure 2.2, is the essential parameter through which 

the shot transition detection methods are able to detect the disturbances made. From a fiber viewpoint, 

the total number of dots is given by 

𝐍𝐮𝐦𝐛𝐞𝐫 𝐨𝐟 𝐝𝐨𝐭𝐬 =
𝐍𝐀𝟐×𝐃𝟐

𝛌𝟐 , (2.7)  

where 𝐷 is the diameter of the POF [25].  
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2.2.2 Speckle Pattern Measurement Techniques 

Experimental studies have shown that speckle patterns can be divided into 2 categories, defined as 

objective and subjective speckles. The objective speckles correspond to the laser speckles existing in 

free space, while the subjective speckles represent the recorded information when observed through an 

imaging system [24]. 

The superposition of complex amplitudes of scattered wavelets in the image plane originates the 

subjective speckles. The overlap of the complex amplitudes of each wavelet, in each dispersion point of 

the corresponding surface of the object, originates every single point of images in a similar way to the 

representation of figure 2.2. The method normally used in speckle metrology, which corresponds to the 

method of image obtainment in the dissertation, corresponds to the subjective system. Figure 2.4 shows 

the formation of the subjective speckle pattern, also commonly referred as speckle [24].  

Figure 2.4 – Formation of subjective speckle patterns (adapted from [24]). 

Since the number of dots rapidly change along a short period of time, the best method to 

quantitatively determine the amount of deformation present in the tested surface, during a certain time-

period, is to compare pairs of speckle pattern images [25]. The field that lends methods to study the 

relationship between speckle patterns on output surfaces is called the speckle metrology, which spans 

2 main techniques for this purpose called speckle interferometry and speckle photography [26]. 

Speckle interferometry describes the evaluation of the changes in the speckle pattern as 

interferences that result from the fluctuation in the relationship of the speckle patterns intensity between 

2 images. Speckle photography describes the evaluation of the changes in the speckle pattern as the 

geometric changes of the regions of 2 images [26]. The methodology used in the current dissertation 

will be the speckle photography, due to the method of data analysis of frames comparison of the videos. 

In order to create interference between the fiber modes, which are responsible for the generation of 

the speckle pattern images seen, the coherence of the source should be larger than the delay between 

each interfering mode. Although a full coherence status requires a lower delay between pairs of fiber 

modes than the coherence length of the source, it is not necessary to provide it in order to obtain a 

meaningful speckle pattern image [27]. The coherence condition can be represented by 
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𝐋𝐜 ≥
𝐋

𝟐𝐧𝐜𝐨
× 𝐍𝐀𝟐, (2.8) 

where 𝐿𝑐 is the coherence length of the source, 𝐿 is the total length of the POF, 𝑁𝐴 is the numerical 

aperture and 𝑛𝑐𝑜 is the core index [27].  

Since both the experimental evaluation and the considered scenario will present possible variations 

of temperature and humidity in the area around the signals detections, it is important to understand the 

changes they imply on the speckle pattern itself.  

2.2.3 Influence of External Factors on the Speckle Pattern 

The environment influence around the POF can be responsible for changes in its optical 

attenuation/transmission, which leads to imperfections not only in the analysis via the speckle pattern 

on the speckle pattern images, but also on the POF material itself. Since this influence can lead to 

permanent damage and an increase in the aging process rate of the material, it is important to know its 

limits [28], [29], [30]. The increase in temperature leads to an increase in the shape and size of the POF 

itself, as well as a decrease in the POF tension, making an increasing temperature ideal for achieving 

lower signal attenuations when necessary, if the fiber is subjected to bending action. If working under 

normal circumstances the value of 𝑛0 increases which, according to equation (2.2), leads to an increase 

in the 𝑁𝐴 with consequential signal attenuation. Figure 2.5 shows the effect of the temperature on the 

increasing aging process rate of the POF. 

Figure 2.5 – POF aging process when influenced by temperature [29]. 

The observation of figure 2.5 shows that linear relationship between the increase of temperature and 

the increase of the attenuation coefficient, which shows the need to control the temperature where the 

POF is located [28], [29].  

The increase in humidity surrounding the POF exterior structure diminishes the transparency of its 

core, which leads to a higher signal attenuation by a factor of 10 𝑑𝐵/𝑘𝑚. Although higher time-periods 

of water stored in the fiber lead to a higher capacity of POF’s water absorption, the influence of humidity 

in POF is lower when compared to the temperature, because of the absorption process reversibility. 

[28], [29]. 
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It can be concluded that the temperature and humidity parameters can alter the speckle pattern 

intensity distribution, changing the speckle pattern image itself [28]. In order to diminish these effects, 

the prototype through which the tests are made is located in the laboratory of Instituto de 

Telecomunicações (IT), which presents a controlled environment regarding these parameters. 

With the influence of the external factors on the POF minimized, the detected vital signs will be closer 

to their respective range of theoretical values.  

2.3 Vital Signs 

As previously discussed in section 1.3.3, the vital signs of breathing and heartbeat are signals to be 

validated regarding the detection of the considered HAPU prevention system which, as in the case of a 

person’s movements, will be made through the speckle pattern analysis. 

The breathing performed by a patient can be assessed with the acceleration of his chest, while the 

heartbeat can be assessed by the mechanical activity performed by the cardiac muscles or with the 

heart sounds. Considering the situation of a patient lying down on a bed and with minimal activity, a 

range of [10, 30] breathings per minute are considered for the majority of patients in these conditions 

([12, 18] for adults and [10, 30] for adults over 80 years old), which corresponds to a frequency domain 

of [0.17, 0.5] 𝐻𝑧. Regarding the heartbeat readings, the range of normal pulsations per minute is 

considered to be [45, 120], which corresponds to a frequency domain of [0.75, 2] 𝐻𝑧 [27].  

Although both breathing and heartbeat are vital signs that change over time, the cardiac muscles 

cannot be controlled by the patient and produce similar and strong pulsations, making the corresponding 

disturbance on the speckle similar between different moments. On the other hand, the breathing can 

easily vary in its intensity in a short period of time, making the corresponding disturbance on the speckle 

significantly differentiated when compared to the heartbeat [27]. It can be concluded that the breathing 

produces higher disturbances on the POF, when compared to the heartbeat.  

2.4 Detection of Changes in Speckle Pattern Images 

In order to analyze the contents of a speckle pattern video and identify the timeframes where the 

disturbances occur, its content will be separated into multiple shots (sequence of consecutive frames 

generated as the result of a continuous single-camera operation, with a minimum temporally coherent 

content unit). This process is called shot transition detection and represents a field of research in video 

processing, with its main purpose being the automated detection of the transition between the shots 

[31]. 

In order to detect the transitions in a video, represented by the positions where one shot is replaced 

with another one with significantly different visual content, it is necessary to perform temporal 
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segmentation. Between each transition there is a shot, which has a sequence of frames that can be 

uniquely identified with an index number. The transition phenomenon can be generally identified as two 

different types: 

• Abrupt transition: Represents the phenomenon where one frame (𝑓𝑖) clearly belongs to a 

specific shot and the frame immediately next to it (𝑓𝑖+1) belongs to another shot, since it has a 

significantly different visual content. In the context of the dissertation, an abrupt transition (also 

known as a hard cut) corresponds to disturbances applied directly on the POF [31]; 

• Gradual transition: Represents the phenomenon where two specific frames (𝑓𝑖 and 𝑓𝑖+𝑁) use 

a combination of different editing effects (such as spatial and chromatic effects), which makes 

the transition from 𝑓𝑖 to 𝑓𝑖+𝑁 occur gradually during its corresponding interval. In the context of 

the dissertation, a gradual transition (also known as a soft cut) corresponds to disturbances 

applied on a surface that is in contact with the POF [31]. 

In order to detect any type of the transitions previously mentioned, a multitude of methods has been 

developed. The shot transition detection algorithms posteriorly talked about follow a common 

methodology: 

• Scoring phase: Each set of frames 𝑓𝑖 and 𝑓𝑖+1 is compared between themselves, by attributing 

a score to each one that is specific to the type of algorithm used. The difference between each 

set of frames gives the score to be considered in the corresponding time period [31]; 

• Thresholding phase: For the score of each set contained in a video, a threshold value is 

calculated, which serves the purpose of identifying if the score is high enough to be considered 

as a transition (positive hit). If the score doesn’t cross the threshold, it is considered a false hit 

[31]. 

Although there have been more developments over the last years regarding different methods of 

each of these phases, there are a considerable number of state of the art methods. Regarding the 

scoring phase, some examples are as follows: 

• Correlation: In this method, a spatial correlation between two different speckle patterns is 

made. Considering the coordinates 𝑥 and 𝑦 seen in the speckle pattern of the POF and the 

distribution levels of the intensity levels in the reference  𝑝(𝐼1) and the disturbance 𝑝(𝐼2), the 

correlation between the two can be given by 

                                               𝐂 =
〈𝐩(𝐈𝟏)(𝐱,𝐲)𝐩(𝐈𝟐)(𝐱,𝐲)〉−〈𝐩(𝐈𝟏)(𝐱,𝐲)〉〈𝐩(𝐈𝟐)(𝐱,𝐲)〉

√(〈𝐩(𝐈𝟏)𝟐(𝐱,𝐲)〉−〈𝐩(𝐈𝟏)(𝐱,𝐲)〉𝟐)
𝟐

×(〈𝐩(𝐈𝟐)𝟐(𝐱,𝐲)〉−〈𝐩(𝐈𝟐)(𝐱,𝐲)〉𝟐)
𝟐
.  (2.9)  

The higher the values of the correlation, the lower are the changes between each speckle 

pattern [32]. The main advantage of this method is providing a reliable way to identify abrupt 

transitions; 

• Edge Change Ratio (ECR): This method compares the content between two consecutive 

frames through the use of processes such as edge detection (identification of probable outlines 

of the objects of the frames) and dilation (use of a structuring element to expand the shapes 
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of the objects contained in the frames). By comparing edge transformed frames with dilated 

frames, it is possible to calculate the probability of the objects of the frame 𝑓𝑖 being in frame 

𝑓𝑖+1. The main advantage of this method is providing a reliable way to identify gradual 

transitions, while also showing average results at identifying abrupt transitions [33]; 

• Motion identification: This method compares the absolute values for each pixel between 

consecutive frames, case by case. The score used corresponds to the sum of the difference 

between each pixel value among consecutive frames. The main advantage of this method is 

to precisely detect abrupt transitions, while also showing no reliability at detecting gradual 

transitions. This lack of reliability results in a high amount of possible false positives and/or 

missed hits [33]; 

• Histogram Differences (HD): By performing bin-wise (set of identical values) differences 

between consecutive frames (either of the same or different colors), it is possible to identify 

different types of transitions. Although this type of method can be applied with many more 

definitions of bins, each one with unique effectiveness for different types of transition, the 

comparison between frames with the RGB histograms with 4𝑥4𝑥4 and 8𝑥8𝑥8 bins are an 

effective method for abrupt transition detection [33]; 

Taking into account that the type of disturbances made on the prototype will both match as abrupt 

and gradual transitions, the correlation and ECR methods present themselves as good candidates to 

apply in the scoring phase. 

Regarding the threshold phase, some examples are as follows: 

• Global threshold: Setting a threshold which is defined equally for all shots and is defined 

previously to the simulation itself, either according to similar data gathered in the past or 

through an estimate. It is difficult to assure a good level of threshold through all shots with this 

type of threshold, making it unwanted [33];  

• Adaptive threshold: Setting a threshold which is defined in particular for each shot, taking into 

consideration the characteristics of the data defined in the scoring phase [33].  

Taking into account the high variance of the data obtained through the use of the ECR algorithm 

when applying the disturbances, a dynamic threshold method is more appropriate to be used. Due to 

the nature of the correlation method, there is no need to apply the threshold phase in it. 

Even when applying these state of the art methods, it is necessary to determine the quality of the 

results obtained. To this end, the parameters used are recall (R) and precision (P), which correspond to 

the correct detection of transitions and the identification of positive transitions, respectively. These ratios 

can be described as 

                     {
𝑹 ≡

𝑪𝒐𝒓𝒓𝒆𝒄𝒕

𝑪𝒐𝒓𝒓𝒆𝒄𝒕+𝑴𝒊𝒔𝒔𝒆𝒅

𝑷 =
𝑪𝒐𝒓𝒓𝒆𝒄𝒕

𝑪𝒐𝒓𝒓𝒆𝒄𝒕+𝑭𝒂𝒍𝒔𝒆𝑷𝒐𝒔𝒊𝒕𝒊𝒗𝒆𝒔

,  (2.10) 



Validation of a Health Monitoring In-Bed System using Speckle Patterns 

 

21 
 

where Correct is the total number of correct identifications of a transition, Missed is the total number of 

wrong identifications of a transition and False Positives is the total number of incorrect identifications of 

a transition [31]. 

It can be concluded that the correlation and the ECR are the methods of analysis of the speckle 

pattern through which 1𝐷 data will be obtained, in order to analyze the prototype capability at detecting 

the 3 types of disturbances. 

2.5 Chapter Conclusions 

Due to the advantages provided by POF’s such as the low financial buying cost, the high value of 

bandwidth and being risk-free, they were chosen as the material through which the disturbances will be 

applied and posteriorly analyzed. 

In order to analyze the disturbances applied on the POF, the difference between the content of all 

the images taken must be accounted for. Due to its sensitivity to outside disturbances, the speckle 

pattern provides a sequence of images that can be used to evaluate the changes in the POF done by 

the intended disturbances to be tested. 

In order to compare different speckle patterns and evaluate the changes between them, the state-

of-the-art methods of correlation and ECR will be the ones used in the dissertation. Since external 

factors such as the humidity and temperature can alter the speckle patterns and the time period for the 

capture of all the necessary images is considerable, the tests will be done in the controlled environment 

of the laboratory of IT.  

The following chapter presents the considered solution for the HAPU prevention and the prototype 

to be worked with in the dissertation, in order to validate the detection of the 3 types of disturbances. 
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3 Proposed HAPU Prevention Solution 

The main objective of the dissertation is to design and test a prototype that allows the validation of 3 

types of disturbances to be detected in a considered scenario for a HAPU prevention system. In order 

to accomplish this objective, the current chapter proposes the scenario considered from where the 

prototype, by using the speckle patterns emitted by optical fibers, will validate the disturbances 

detection. It also overviews the design and implementation of the prototype required for the capture of 

the speckle patterns, as well as the description of the algorithms used to analyze them: 

• Scenario Considered: Representation of the HAPU system considered to be implemented in 

a real-life situation (medical environment);   

• Prototype Design: Prototype developed in order to validate the disturbances detection of the 

scenario considered for HAPU prevention system. Contains the enumeration of the multiple 

components required for capturing the speckle patterns which will be analyzed, along with 

motives for their respective use; 

• Image Processing: Description of the algorithms which will process 1𝐷 data from the video 

frames obtained through the prototype use. Contains the specifications of the functions used 

in each of them; 

• Chapter Conclusions: Assessment of the developed prototype to be tested and the image 

processing process. 

3.1 Scenario Considered 

Considering the main objective of the dissertation of developing a prototype that detects information 

about vital signs and movement changes, the speckle patterns will be obtained through the prototype 

developed in the laboratory of IT. The shot transition detection algorithms are applied on the speckle 

patterns obtained, through the use of the MATLAB software, in order to obtain 1𝐷 data for posterior 

analysis. The detected information will be the basis of the validation for a considered scenario that offers 

a simple and non-intrusive HAPU prevention system, with the integration in medical facilities in mind. 

Figure 3.1 shows a representation of the considered HAPU scenario in a medical environment. 
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Figure 3.1 – Representation of the considered HAPU scenario in a medical environment [27]. 

The HAPU prevention system should have the POF directly in the surface where the patient rests, 

in order to identify both multiple speckle pattern images and changes due to the disturbances 

considered. The heartbeat will present a more easily correlated speckle pattern due to its systematic 

nature, while the breathing can be more easily altered by the patient. The disturbance of the speckle 

patterns caused by the vital signs is expected to be lower when compared to the movements, due to the 

lower intensity of these respective signals. 

The speckle pattern images created by the vital signs and movement detected readings should be 

transformed into 1𝐷 data, in order to better analyze the disturbances. The decomposition of the data 

enables the correlation between the speckle patterns themselves and their corresponding signal’s 

changes, by comparing pairs of video frames obtained from them. 

3.2 Prototype Design 

In order to detect the disturbances considered in the speckle pattern images, a prototype is needed to 

create visible speckles in the POF and posteriorly capture them. The hardware responsible for the 

speckle pattern capture will be a Raspberry Pi (RPI)1 (B model), while the processing of the video itself 

will be done through the MATLAB 2017a version, since the low processing capacity of the RPI itself 

makes MATLAB a good software choice. Regarding the architecture of the system used for video 

capture to be posteriorly processed by MATLAB, figure 3.2 shows its corresponding schematic.  
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Figure 3.2 – Schematic of the video capturing setup. 

An appropriate power supply powers the chosen laser through which its light will make visible the 

speckle patterns in the POF. The disturbances are applied during the signal acquisition period performed 

by the RPI, a process which is accompanied in real time through the connection of the RPI to a TV 

monitor. In order to exemplify the prototype signal acquisition, its corresponding schematic is shown in 

figure 3.3. 

Figure 3.3 – Schematic of the prototype signal acquisition. 

The acquisition of the speckle pattern images will be done through a setup mounted on the laboratory 

of IT to be show posteriorly. The visual information sent to the POF generates the speckle patterns 

themselves which, as seen in section 2.3, will depend on the characteristics of the POF itself and the 

intensity of the data.  

The speckle patterns will be exported to MATLAB, where they will be processed through the 

algorithms of correlation and ECR in order to validate the detection of the 3 types of disturbances. The 

types of tests for each of the types of disturbances to be detected is as follows: 

• Movement: Dislocating the POF from a state of rest into a specific distance from it, where it 

can either be released after a certain period of time or hold on to until the end of the test. The 

impact of movement around the POF is also tested, as well as the difference between single 

and multiple disturbances;  
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• Breathing: Identifying the rhythm of breathing of a person that is placed on the prototype setup 

used for obtaining the speckle pattern images. Different intensities of breathing are tested, in 

order to assure that either of them can be identified; 

• Heartbeat: Identifying the rhythm of heartbeat of a person by placing its wrist on the prototype 

setup used for obtaining the speckle pattern images. The heartbeat detection is tested both 

on the POF and around it. 

The remaining content of the current section describes, in general, the components shown to be 

used in figure 3.2, with further details being presented in the following section. The power supply, 

connected to the semiconductor laser, provides enough energy to perform the injection of a signal on 

the POF. Since the laser used will only be able to withstand a supply voltage around 3 𝑉, it is necessary 

to limit the voltage through the use of a transformer. The VMA404 was the transformer chosen for this 

operation [34]. 

The laser itself is coupled to a support structure, designed in a 3𝐷 printer, in order to provide stability 

for signal injection. On the opposite side of the support structure is the POF that receives the signal [35, 

36]. Figure 3.4 shows the 3𝐷 structure coupled to the two components. 

Figure 3.4 – POF and semiconductor coupled to the 3D structure. 

 The opposite side of the POF is in direct view of the RPI camera, with baking paper acting as a 

diffuser between them to assure not only a stable observation plane, as well as a greater reduction of 

the video saturation [37]. Figure 3.5 shows the 3𝐷 printed structure coupled to the baking paper and 

RPI camera.  

Figure 3.5 – RPI camera and baking paper coupled to the 3𝐷 structure.  
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The RPI functions as a small computer, developed by the Raspberry Pi Foundation for educational 

purposes. The particular model used in the dissertation is based on a Broadcom BCM2835 SoC, having 

incorporated a Central Processing Unit (CPU) and a Synchronous Dynamic Random-Access Memory 

(SDRAM) of 512 𝑀𝐵. Since the lack of a Solid-State Drive (SSD) prevents the intended act of video 

capture, it is necessary to use an external Secure Digital (SD) card in order to enable it. The transmission 

of the videos from the RPI to the computer is made possible with the use of the operative system called 

Raspbian, which is a modified version of the Linux operative system [38]. In order to provide stability to 

the prototype itself, a set of equipment from Thorlabs was used: 

• An aluminum breadboard (MB3045/M) that provides a convenient and reliable platform in 

which components are mounted, with the objective of applying a fixed disturbance to the POF 

and to provide stability. It contains a variety of holes along the breadboard (each one with a 

size 2,5 𝑐𝑚) that are far apart 1,25 𝑐𝑚 [39]; 

• 2 strain relief clamps for the POF (HFS001) that ensures the disturbances applied to the POF 

won´t translate into unwanted movements and consequent changes in the speckle pattern, 

due to ends of the POF being moved. These can be mounted on any of the multiple holes of 

the aluminum breadboard, therefore ensuring a wide number of amplitude combinations for 

the POF [40].  

Since the HFS001 components cannot be directly mounted to the MB3045/M due to its base type, 

an adaptation was made to these components in order to allow it. The adaptation can be seen in figure 

3.6. 

Figure 3.6 – Adaptation of the strain relief clamp (HFS001).  

With the general setup of the video capturing process discussed, a specific description for each 

individual component and justifications for their use is given in the following section, along with the 

procedures to obtain the speckle pattern videos. 

3.2.1 Components Characteristics  

The laser used for the setup represents a CW532-001, which is manufactured by Roithner LaserTechnik. 

It presents a radiated power of 1 𝑚𝑊, as well as a maximum peak wavelength value of 533 𝑛𝑚 [32].  
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The use of the RPI camera is a good choice in the context of capturing speckle patterns, since it 

enables a high sensitivity of the video itself for detecting alterations in the speckle pattern, while also 

featuring low values of crosstalk and noise necessary for obtaining videos with good quality, as seen in 

[38]. This device has small dimensions and weight (20 𝑥 25 𝑥 10 𝑚𝑚3 and 3 𝑔, respectively). The camera 

contains a Complementary Metal-Oxide-Semiconductor (CMOS) omnivision 5647 image sensor, which 

provides a resolution of 5 megapixels and a static resolution of 2592 𝑥 1944 pixel [38]. Two types of 

Frames-Per-Second (FPS) configuration can be enabled: 30 FPS for images with 1080𝑝 (1920 𝑥 1080 

pixels) and 60 FPS for images with 720𝑝 (1280 𝑥 720 pixels) [38]. Since a higher image quality is more 

desirable than higher count of pixels for the speckle pattern analysis, the configuration used for the 

videos is the 30 FPS for images with 1080𝑝 (1920 𝑥 1080 pixels). The RPI camera has a number of 

features that enable the configuration of the videos captured such as exposition mode, image 

parameters and Automatic White Balance (AWB). A representation of this device can be seen in figure 

3.5. 

The POF used for the prototype, which has an initial length value around 0.7 𝑚, is an HFBR-

RUS100Z that is covered by a black thick of polyethylene and fabricated by Agilent Technologies [36]. 

It presents a diameter of 1 𝑚𝑚, a value of 𝑁𝐴 = 0.47, a refraction index of the fiber core (𝑛𝐶𝑂) of 𝑛𝐶𝑂 =

1.492, a refraction index of the sheath (𝑛𝑐𝑖) of 𝑛𝑐𝑖 = 1.147 and an attenuation around the order of 0,22 

𝑑𝐵
𝑚⁄  [41].  

The RPI used in the prototype has been chosen for the video processing mainly because of its small 

dimensions (85 𝑥 53 𝑥 17 𝑚𝑚3) as well as easy manipulation for the video capture. The fact that it can 

easily have a camera attached to it also facilitates this process [42]. The power source for this device 

must be around 3 𝑉 with the use of a micro USB and the VMA404 transformer, with a current between 

the interval of [0, 150] 𝑚𝐴 [36], [38]. A representation of the RPI device can be seen in figure 3.7, 

alongside an explanation for the purpose of each of the components contained within it. 

Figure 3.7 – Raspberry Pi device.  
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Components functions: 

1 -> HDMI port: Enables the RPI connection to a TV monitor, which works as a desktop setup; 

2 -> Camera connection: Enables the camera connected to the RPI, which is used to capture the 

speckle patterns necessary to be analyzed; 

3 -> Ethernet connection: Enables an internet connection for the RPI. The video files are moved 

out of the RPI through an USB pen, making this component irrelevant for the video capture; 

4 -> USB ports: Two ports that enable the connection of the mouse and keyboard. It is also used 

to move the video files to a PC with the MATLAB software, through the USB pen; 

5 -> Audio jack: Enables the capture of audio for videos, a feature that isn’t useful in the present 

context since audio isn’t a parameter dealt with in speckle pattern analysis; 

6 -> Video RCA: Alternative output for video capture, which isn´t used in the present context 

since the RPI camera is already in use;  

7 -> General Purpose Input/ Output (GPIO) pins:  Enables extra functionalities to be added to 

the RPI. Since the default components are enough to perform the video capture, the GPIO pins 

are irrelevant; 

8 -> SD card: Enables the operation of the RPI including working in a desktop environment, 

making use of features such as the video capture and recording the necessary videos for the 

experiment; 

9 -> Power source: Enables the RPI to be powered through this port with a 5 𝑉 voltage. The laser 

itself is powered through an outside power source. 

3.2.2 Video Capture 

In order to obtain images with the quality illustrated in figure 2.2, it is necessary to adjust the parameters 

of the RPI camera through the use of the raspivid command, which enables video capture. The 

parameters adjusted are as follows: 

• The contrast parameter allows the adjustment of the speckle pattern perceptiveness, enabling 

a linear correlation between the contrast parameter and the readability of the speckle pattern 

itself. Since the interval of the contrast parameter is [0, 100], the chosen value is 100; 

• The sharpness and brightness parameter enable a better readability of the speckle pattern by 

increasing the quality of the speckle pattern dots and the light that affects them, respectively. 

The correlation between these parameters and their actions on the images are linear in nature, 

with the brightness parameter having an interval of [0, 100] and the sharpness interval having 
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an interval of [0, 100]. The chosen value for the brightness and the sharpness parameters are 

100 and 20 respectively, since too much brightness leads to an obfuscated image; 

• The saturation parameter presents an inverse correlation between its value and the number 

of border points available on the speckle pattern. In order to prevent the occurrence of this 

phenomenon, the saturation parameter should have a low value such as −80, considering an 

interval parameter of [−100, 100]. The laser should also never function as a Light Emitting 

Diode (LED), which happens when the voltage has the DC value of 2.5 𝑉 and the current value 

of 30 𝑚𝐴. Since it is powered with 3 𝑉, this behavior will not occur;  

• The velocity parameter is responsible for the recording time period of the video and has an 

inverse correlation with the saturation of the image, while also showing a linear correlation with 

the sensitivity to disturbances applied on the POF. The chosen mode for the RPI camera must 

then be one with the highest exposition time, which corresponds to the “night time” mode; 

• The AWB parameter has a linear correlation with the luminosity of the images, making it difficult 

to assess the variations of the speckle pattern with high values of the AWB parameter. The 

chosen mode for AWB must then be one with the lowest value, which corresponds to the “sun” 

mode. 

• The video compression format used for the video capture is the h.264 for the 30-second videos 

and the h.261 for the 1-minute videos, due to the necessary lower bitrate for the higher 

recording time of the 1-minute videos. The nearly lossless coding characteristic of the format 

makes it ideal to process the information from the speckle pattern; 

• The application of a Region of Interest (ROI) in the obtained images is important to ensure 

that only the speckle pattern is analyzed. The ROI captures a smaller area of the images in 

order to be analyzed, with the respective coordinates of x, y, width and length being such that 

only the speckle pattern is analyzed. The application of the ROI is done in MATLAB, posteriorly 

to the video capture. A representation of this process is shown in figure 3.8. 

Figure 3.8 – ROI of a frame.  
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During the video capture, the perceptibility of the speckle patterns obtained should be as higher as 

possible, in order to assure an accurate collection of data from them. Figure 3.9 (a), (b) and (c) show 

the different states of the speckle pattern that corresponds to a pattern with higher perceptibility, a 

pattern with lower perceptibility and a pattern where no pattern can be identified, respectively.  

       (a)                                                     (b)                                                    (c) 

Figure 3.9 – Speckle pattern. (a) Visible; (b) Saturated; (c) Inexistant. 

The speckle pattern observed in figure 3.9 is obtained when applying the parameters of the RPI 

camera previously discussed, while the remaining speckle patterns correspond to different types of 

configurations which aren’t desirable. The use of these configurations, in conjunction with the equipment 

previously described, makes it possible to design a prototype to assess the viability of the signals 

detection. Figure 3.10 shows the initial prototype setup used to capture the videos without the HFS001 

in place, which will then be processed by MATLAB. 

Figure 3.10 – Initial prototype setup for the video capture. 

The setup shown in figure 3.10 will be exclusively used for the movement disturbance tests and, 

when applicable, the change in the setup will be posteriorly explained. The following section talks about 

the image processing done on the speckle patterns obtained through the prototype setup.  
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3.3 Image Processing 

As previously stated in section 2.2.2, disturbances on the speckle pattern can be identified by comparing 

pairs of speckle pattern images. For this comparison, every recorded video must be separated into video 

frames, which will be compared between themselves. The results provided through the image 

processing, when using the video frames as inputs in the image processing algorithms chosen of 

correlation and ECR, dictates the degree of detection of the disturbances applied on the prototype. 

The chosen state of the art methods of correlation and ECR process the video frames into 1𝐷 data 

where the influence of the 3 types of disturbance can be analyzed. The correlation parameter has a 

value range of [0, 1], where 0 represents no correlation between video frames and 1 represents 

complete correlation between video frames. The ECR parameter has a value range of [0, 1], where 0 

represents no probability of the edges of a video frame being on the next frame and 1 represents 

certainty that the frame will remain static [33]. The analysis of both of these parameters will enable a 

better understanding of the actions made in their respective algorithms.  

3.3.1 Data Filtering 

In order to reduce the amount of noise and interference in the videos captured, posteriorly shown in the 

first test made in chapter 4, a lowpass equiripple filter is projected for all of the algorithms to be used. 

The filter was projected with the specifications of 1 𝐾𝐻𝑧 sampling frequency, 100 𝐻𝑧 pass-band 

frequency, 150 𝐻𝑧 stop-band frequency, 1 𝑑𝐵 peak-to-peak ripple and 65 𝑑𝐵 stopband attenuation. 

These specifications were chosen in order to maintain intact the overall 2D data output obtained from 

the algorithms implementation, while minimizing the noise characteristic present in them. The resultant 

transfer function of this filter can be seen in figure 3.11. 

Figure 3.11 – Transfer function of the lowpass equiripple filter.  
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The algorithms to be discussed in the next section, which use the filter show in figure 3.11, are used 

to obtain 1𝐷 data through which is possible to analyze the validity of the disturbances detection on the 

prototype. 

3.3.2 Implementation of Correlation and ECR Algorithms  

The three algorithms presented in the current section share similar beginning and end steps between 

themselves, namely the video separation into the total number of corresponding N frames for the 

beginning step, as well as the filter application shown in figure 3.11, algorithm data plot and the 

corresponding derivative plot. 

The first algorithm to be shown compares successive frames of a video through the use of the spatial 

correlation, beginning at frame number 1 and ending at frame number N. The identification of lower 

values of correlation will indicate a higher degree of disturbances felt during the corresponding time-

period of the set of 2 frames being compared. After the disturbances influence ends, the correlation 

values tend to a value closer to 1, representative of the stationary position of the POF. The derivative 

identifies the state of change in the correlation, where being positive corresponds to frames becoming 

closer in content and being negative corresponds to the frames growing apart in content. Figure 3.12 

shows a flowchart representation of the successive correlation algorithm. 

Figure 3.12 – Flowchart of the successive correlation algorithm.  
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The second algorithm to be shown compares each frame of a video with a static reference frame, by 

using the spatial correlation between each of those frames. Mirroring the first algorithm, the identification 

of lower values of correlation indicates a higher degree of disturbances felt during the corresponding 

time-period. However, for the second algorithm, the correlation will slowly lower until a constant value is 

obtained, due to the compared video frames being spaced apart in their corresponding time periods. 

Also mirroring the first algorithm, the derivative has the same behavior as in the successive correlation. 

Figure 3.13 shows a flowchart representation of the reference correlation algorithm.  

Figure 3.13 – Flowchart of the refence correlation algorithm 

The third algorithm to be shown is related to the ECR technique between consecutive frames. By 

computing the values for ECR in each iteration as 𝐸𝐶𝑅 = max (
𝐸𝐶𝑅𝑛

𝑖𝑛

𝑝𝑛
,

𝐸𝐶𝑅𝑛−1
𝑜𝑢𝑡

𝑝𝑛−1
), the increases in ECR can 

be used to identify the timeframes where a transition happens, which is when the value of ECR is greater 

than a specific threshold determined [33]. Figure 3.14 shows a flowchart representation of the ECR 

algorithm, with the corresponding meaning of each term posteriorly showed.  
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Figure 3.14 – Flowchart of the ECR algorithm.  
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The observation of Figure 3.14 shows the steps that enable the computation of 𝐸𝐶𝑅 and the 

corresponding nomenclature during the process, namely 𝑝𝑛  (number of edge pixels in the edge detected 

frame 𝑛), 𝑝𝑛−1 (number of edge pixels in the edge detected frame 𝑛 − 1), 𝐸𝐶𝑅𝑛
𝑖𝑛 (number of edge pixels 

in the frame originated by combining the dilated image of frame 𝑛 − 1 with the edge detected image of 

frame 𝑛) and 𝐸𝐶𝑅𝑛−1
𝑜𝑢𝑡  (number of edge pixels in the frame originated by combining the dilated image of 

frame 𝑛 with the edge detected image of frame 𝑛 − 1). 

The type of detector used for the process of edge detection is the canny edge detector. In addition 

to being a state of the art edge detector, it also has shown to be the one of the best when applied to 

speckle pattern frames [43]. Figure 3.15 shows the application of 3 state of the art edge detectors applied 

to a video frame of one of the captured video frames. 

 

(a) 

 

(b) 

 

(c) 

Figure 3.15 – Comparison between state of the art edge detectors. (a) Sobel; (n) Prewitt; (c) Canny. 

The observation of figure 3.15 shows that the canny detector is indeed the best detector when applied 

to the videoframes obtained during the dissertation from the sample used, which corroborates its 

usability previously talked about. 

Although entropy thresholding has previously shown better performance on a multitude of different 

types of images when compared to state of the art methods such as Otsu or iterative [43], Otsu remains 

a good candidate for the thresholding phase. The circular nature of the speckle pattern increases the 

capability of detecting edges for all the threshold methods, making the better performance of the entropy 

thresholding negligible when compared to the Otsu method [44].  
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The 3 algorithms presented in the current section compare pairs of speckle patterns during their 

respective run times, both before and after the disturbances application. Figure 3.16 shows an example 

of pair of images which are taken before and after the application of the disturbance, respectively.  

 

(a)                                                                                (b) 

Figure 3.16 – Speckle pattern frame of a movement test. (a) Before the disturbance; (b) After the 

disturbance. 

3.4 Chapter Conclusions 

The prototype presented in the current chapter in figure 3.10 shows the environment upon which the 

experimental evaluation will be made. The specifications used during the video capture, through the use 

of the raspivid command, enables obtaining the video frames such as the one seen in figure 3.16. These 

sequences of images will then be processed in MATLAB through the 3 algorithms that use the concepts 

of correlation and ECR. 

The 3 algorithms shown in section 3.3.2  show the procedures necessary to obtain data that represent 

the application of the correlation and the ECR, for each sequence of video frames that are taken from 

each video captured with the prototype.  

The tests made for the 3 types of disturbances detection considered, as well as the conclusions 

taken from each one of them, will be presented in the next chapter.  
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4 Experimental Evaluation 

The current chapter overviews the analysis of speckle patterns through the use of the prototype setup 

and algorithms discussed in section 3.2.1 (as well as an alternate setup to be discussed) and section 

3.2.2, respectively. Taking into account the low processor capacity of the RPI and the validation purpose 

of the tests made, the duration for the videos recorded have a maximum time of 30 seconds (movement, 

periodical disturbance and breathing tests) and 60 seconds (heartbeat tests), in order to accelerate the 

signal processing through the algorithms. The first 30 video frames of each video, which correspond to 

the first 2 seconds, aren’t considered in these tests since their quality is significantly lower than the rest, 

because of the RPI camera still being initialized in that time period.  

The purpose of the experimental evaluation is to validate the prototype capability at detecting the 

vital signs and person’s movement, which are the disturbances to be detected in the scenario considered 

for HAPU and represented in figure 3.1: 

• Periodical Disturbance Assessment Tests: Assessment of the viability of frequency 

identification for the future assessment of breathing and heartbeat tests, in order to confirm 

the correct behavior of the prototype. The assessment is made by providing a periodical 

disturbance through the action of a pendulum and posterior identification of its frequency of 

oscillation;  

• Movement Assessment Tests: Assessment of the influence of multiple types of movements 

applied on the prototype. These tests correspond to the assessment of the influence of 

movement’s trajectory, the influence of a single disturbance and multiple disturbances, as well 

as the influence of indirectly applied disturbances near the POF. The ideal situation for these 

tests is for the trajectory to be a non-factor in the speckle pattern produced, since the optical 

fiber can be moved in multiple directions in a medical environment, and for the remaining 

disturbances to be clearly detected with each algorithm used; 

• Breathing Assessment Tests: Assessment of the influence of breathing on the speckle pattern 

images and identification of its corresponding frequency. The assessment is made by placing 

a person on top of the aluminum breadboard while staying still, in order to simulate the 

environment provided in the case of bedridden patients. The ideal situation for these tests is 

to identify the differences made with different rhythms of breathing; 

• Heartbeat Assessment Tests: Assessment of the influence of heartbeat on the speckle patterns 

images and identification of its corresponding frequency. The assessment is made by placing 

the arm of a person on top of the aluminum breadboard, in order to measure the heartbeat on 

the wrist. The ideal situation for these tests is to identify the differences made with different 

rhythms of heartbeat; 

• Chapter Conclusions: Assessment of the capability of detecting the intended disturbances of 

vital signs and movement, through the use of the prototype.  
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4.1 Periodical Disturbance Assessment Tests 

In order to make the periodical disturbance assessment tests in the current section, as well as the vital 

signs assessment tests posteriorly, a set of modifications to the prototype showed in figure 3.10 must 

be made. 

Due to the nature of the breathing and heartbeat, it is necessary to guarantee the stability of the RPI 

camera on the aluminum breadboard through the use of a new piece of equipment from Thorlabs. The 

kinematic platform mount for wavefront sensor’s (KM100WFS) enables the stability of the RPI when 

placed on it. It contains two-adjusters in order to control the tip and tilt of the flat mounting surface, which 

will remain unused [45]. Since the RPI camera cannot be directly mounted to the KM100WFS due to its 

base type, an adaptation was made to this component in order to allow it. Figure 4.1 shows the 

adaptation made. 

Figure 4.1 – Adaptation to the KM100WFS. 

In order to guarantee the stability of the semiconductor laser, an adaptation was made to the 

3𝐷 structure that holds this component, in order to allow it. The adaptation can be seen in Figure 4.2. 

Figure 4.2 – Adaptation to the 3D structure that holds the CW532-001.  

The use of the new material and adaptations to the existing prototype make it possible to obtain a 

greater degree of control over the remaining disturbances to be applied. Figure 4.3 shows the new 

prototype setup used for video capture with a new length of POF of 7 𝑚, in order to cover the greatest 

area possible and more easily detect the remaining disturbances which present lower intensity when 

compared to the movement disturbances. A set of linen is also introduced between the aluminum 
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breadboard and the POF so that the tested environment more closely resembles the medical 

environment.  

Figure 4.3 – New prototype setup for the video capture.   

As previously stated at the beginning of the current chapter, the objective of the periodical 

disturbance tests is to assess the viability of frequency identification for the future assessment of 

breathing and heartbeat. By placing a pendulum system over the aluminum breadboard and comparing 

its expected frequency of oscillation, obtained through counting its complete cycles, with the 

experimental frequency of oscillation, it will be possible to conclude about the reliability of identifying the 

oscillation frequency.  Figure 4.4 shows the pendulum placed over the aluminum breadboard. 

Figure 4.4 – Pendulum placed on the aluminum breadboard. 

In order to identify the frequency of oscillation, which presents the highest level of intensity, it is 

necessary to apply Fast Fourier Transform (FFT) to each of the tests made. The FFT is an algorithm 

that allows the sampling of a signal over a period of time and divides it into its corresponding frequency 

components, therefore enabling the identification of sinusoidal oscillations at distinct frequencies.  

Considering the current tests for the pendulum, the corresponding frequency of oscillation, for an 

amplitude that is limited to small swings, can be approximated by counting the time period which takes 

the pendulum to complete a complete periodic movement and computing the corresponding frequency 

of the pendulum. 

Figure 4.5 shows the test, where only the successive correlation algorithm is applied, in order to 

analyze the influence of the filtering process in the data collected. The POF remains static until around 

𝑡 = 10 seconds, upon which a 1,5 𝑐𝑚 fixed disturbance is applied directly on the POF.  



Validation of a Health Monitoring In-Bed System using Speckle Patterns 

 

42 
 

   (a) 

                                                                            (b) 

Figure 4.5 – Successive correlation data on top and corresponding derivative on bottom, for a 1,5 𝑐𝑚 

fixed negative disturbance. (a) Without filtering; (b) With filtering. 

The observation of figure 4.5 shows that the filtering process designed in section 3.3.1 enables an 

overall better reading of the disturbances actions on the 2D data. Taking this into account, the results 

from now on will always have it applied. 

 Figure 4.6 shows the pendulum test with a length used of 𝐿 ≈ 6 𝑐𝑚, where the influence of a periodic 

movement with an expected frequency of 𝑓𝑝𝑒𝑛𝑑𝑢𝑙𝑢𝑚 = 2,2 𝐻𝑧  is analyzed. Since both the pendulum and 

the vital signs disturbances originate a considerably lower degree of change in the speckle pattern when 

compared to the movement disturbances, the application of the resultant adaptive threshold revealed to 

be ineffective for the ECR.  
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(a) 

(b) 

(c) 

(d) 

Figure 4.6 – Data for a pendulum with expected 𝑓𝑝𝑒𝑛𝑑𝑢𝑙𝑢𝑚 = 2,2 𝐻𝑧. (a) Correlation; (b) Derivative 

correlation; (c) ECR; (d) Derivative ECR.  

The observation of figure 4.6 shows the periodic movement of the pendulum beginning at 𝑡 = 3 

seconds and remaining in it throughout all of its duration. Since the expected value of frequency is 

𝑓𝑝𝑒𝑛𝑑𝑢𝑙𝑢𝑚 = 2,2 𝐻𝑧, the range of frequencies used for the FFT is [2, 3.5] 𝐻𝑧. Figure 4.7 shows the 

evolution of the single-sided amplitude spectrum of the data in a linear scale.  
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     (a)                                                                            (b) 

                                          (c)                                                                            (d)       

Figure 4.7 – Single-sided amplitude spectrum for a pendulum with expected 𝑓𝑝𝑒𝑛𝑑𝑢𝑙𝑢𝑚 = 2,2 𝐻𝑧 in 

linear scale. (a) Correlation; (b) Correlation derivative; (c) ECR; (d) ECR derivative. 

The observation of figure 4.7 shows that a peak at 𝑓 ≈ 2.3 𝐻𝑧 was identified in the spectrums. Since 

the theorized frequency of oscillation is 𝑓𝑝𝑒𝑛𝑑𝑢𝑙𝑢𝑚 = 2,2 𝐻𝑧 and the pendular movement isn’t perfect due 

to the format of the mass used, it can be concluded that its frequency of oscillation was successfully 

identified. Both the ECR data and its derivative also identified the 𝑓𝑝𝑒𝑛𝑑𝑢𝑙𝑢𝑚 = 2,5 𝐻𝑧 which doesn’t 

correspond to the true frequency of oscillation, therefore making the ECR algorithm worse than the 

correlation algorithm at the frequency identification process. 

The conclusions taken from the pendulum assessment test are as follows:  

• The filtering process is applied for all of the posterior tests made; 

• The pendulum tests made in the current section showed the viability of identifying the 

frequency of oscillation through the algorithms used; 

• The comparison of results between the 2 algorithms showed that the correlation data provide 

a better identification of the frequency of oscillation when compared to the ECR data; 

With the detection of the frequencies with highest intensity level shown as viable for the prototype, 

the assessment tests made in the following section will correspond to the movement.  
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4.2 Movement Assessment Tests 

At the beginning of every movement assessment test, the POF remains as represented by figure 3.10, 

until the time period where the disturbance is applied. The disturbance is called positive when the POF 

is pushed upside regarding its rest state and is called negative when the POF is pushed downside 

regarding its rest state. 

Figure 4.8 shows the movement test where only the successive correlation algorithm is applied, in 

order to analyze the influence of the orientation of the disturbance. The POF remains static until 𝑡 = 11 

seconds and 𝑡 = 12 seconds, upon which a 1,5 𝑐𝑚 fixed negative and positive disturbance are applied, 

respectively.   

  (a) 

  (b) 

Figure 4.8 -  Successive correlation data on top and corresponding derivative on bottom, for a 1,5 𝑐𝑚 

fixed disturbance. (a) Negative; (b) Positive.  
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The observation of figure 4.8 shows that the results from the two types of disturbances are similar 

enough to consider that the amplitude and the time period of the disturbance are the parameters 

responsible for the variations of the data, not the orientation itself. Further movement tests use negative 

disturbances. Figure 4.9 shows the movement test, where the 3 algorithms were applied, in order to 

analyze the influence of the amplitude on a fixed disturbance. The POF remains static until 𝑡 = 11 

seconds, upon which a 1,5 𝑐𝑚 fixed disturbance is applied.  

(a) 

(b) 

(c) 

Figure 4.9 – Data on top and corresponding derivative on bottom, for a 1,5 𝑐𝑚 fixed disturbance. (a) 

Successive correlation; (b) Reference correlation; (c) ECR.  
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The observation of figure 4.9 (a) shows a clear identification of the disturbance in 𝑡 =  11 seconds 

and of the moment where the POF is fixed at 1,5 𝑐𝑚 in 𝑡 = 13 seconds. The observation of figure 4.9 

(b) shows a less clear identification of the disturbance when compared to figure 4.9 (a), since the pre-

disturbance period shows a slowly decreasing value until the disturbance time period, due to the 

increasing difference between the content of the first video frame with the remaining ones. The 

observation of figure 4.9 (c) shows that 𝑃 = 1 and 𝑅 ≈ 1, therefore identifying the disturbance as a hard 

cut, due to the step increase in the ECR ratio. It can be concluded that the successive correlation and 

ECR algorithms are the most appropriate to be used from now on, since using only the derivative in the 

reference algorithm leads to a harder understanding of the disturbance time period. 

Figure 4.10 shows the movement test where the influence of a greater amplitude on a fixed 

disturbance is analyzed. The POF remains static until 𝑡 = 12 seconds, upon which a 3 𝑐𝑚 fixed 

disturbance is applied.  

(a) 

(b) 

Figure 4.10 – Data on top and corresponding derivative on bottom, for a 3 𝑐𝑚 fixed disturbance. a) 

Successive correlation; b) ECR.  

The observation of figure 4.10 (a) shows that larger amplitudes can also be clearly identified, while 

the observation of figure 4.10 (b) shows that, once again, 𝑃 = 1 and 𝑅 ≈ 1 (unless stated otherwise, 

from now on these are the values in the following tests).  
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In order to represent the quotient between the average values of the pre-disturbance and the 

disturbance time period, the graphs represented by figure 4.11 were made. The quotient regarding the 

successive correlation data is represented by ∆𝑐, while the quotient regarding the ECR data is 

represented by ∆𝑒. 

                                      (a)                                                                             (b) 

Figure 4.11 – Representation of the quotients. (a) ∆𝑐; (b) ∆𝑒. 

It is possible to represent the relation between the different amplitudes of the disturbances and the 

quotients represented in figure 4.11. Figure 4.12 represents this relationship for the data that is show 

not only in figures 4.9 and 4.10, as well as the corresponding positive disturbances of them. 

(a)                                                                           (b)       

Figure 4.12 – Representation of the quotient between average values in the disturbance and pre-

disturbance timeframe. (a) Successive correlation; (b) ECR. 

The observation of figure 4.12 (a) shows that the values of the quotients increase proportionally with 

the decrease of the amplitude, with a value of ∆𝑐 ≈ 1 for a static POF. The observation of figure 4.12 (b) 

shows that the values of the quotients decrease proportionally with the decrease of the amplitude, with 

a value of ∆𝑒 ≈ 1 for a static POF. It can then be concluded that higher values of amplitude lead to higher 

variances of the quotient values.  
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The movement tests made so far lead to the conclusion that isolated fixed disturbances on the POF 

can be clearly identified. In order to better understand the type of difference between a fixed and loose 

disturbance, the previous tests from figure 4.9 and figure 4.10 are remade with loose disturbances. 

Figure 4.13 shows the movement test were the influence of a loose disturbance is analyzed. The 

POF remains static until 𝑡 = 11 seconds, upon which a 1,5 𝑐𝑚 loose disturbance is applied.  

(a) 

(b) 

Figure 4.13 – Data on top and corresponding derivative on bottom, for a 1,5 𝑐𝑚 loose disturbance. (a) 

Successive correlation; (b) ECR. 

The observation of figure 4.13 (a) shows that, while the identification of the disturbance can be clearly 

made such as in the case of figure 4.9 (a), the end of the disturbance period of 𝑡 = [13, 15] seconds 

shows a less sudden variation of the correlation values, due to the loose movements made by the POF 

until it reaches a stabilizing position. The observation of figure 4.13 (b) shows that the nature of the 

loose movements of the POF makes it harder to identify the entire duration of the loose disturbance. It 

can be concluded that, for loose movement disturbances, the successive correlation algorithm presents 

itself as a better option out of the two considered.  
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Figure 4.14 shows the movement test where the influence of a loose disturbance with greater 

amplitude value is analyzed. The POF remains static until 𝑡 = 11 seconds, upon which a 1,5 𝑐𝑚 loose 

disturbance is applied.  

(a) 

(b) 

Figure 4.14 – Data on top and corresponding derivative on bottom, for a 3 𝑐𝑚 loose disturbance. (a) 

Successive correlation; (b) ECR. 

The observation of figure 4.14 (a) shows that an increase in the amplitude of the loose disturbance 

leads to a higher probability of variations in the correlation value, beyond the initial disturbance time. 

Mirroring the situation seen in figure 4.13, the nature of the loose movements of the POF makes it harder 

to identify the entire duration of the loose disturbance. It can be concluded, in conjunction with the 

information previously taken from figure 4.13, that the successive correlation algorithm is better suited 

to identifying loose disturbances when compared to the ECR algorithm. 

Since there is no guarantee that the disturbances are isolated in the medical environment, it is 

important to evaluate the capacity of the prototype to detect successive disturbances. Figure 4.15 shows 

the movement test where the influence of two fixed disturbances is analyzed. The POF remains static 

until 𝑡 = 10 seconds and 𝑡 = 21 seconds, upon which two 1,5 𝑐𝑚 fixed indirect disturbances are applied.  
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(a) 

(b) 

Figure 4.15 – Data on top and corresponding derivative on bottom, for two 1,5 𝑐𝑚 fixed disturbances. 

a) Successive correlation; b) ECR. 

The observation of figure 4.15 shows that the two disturbances can be clearly identified, as well as 

the first disturbance having no influence on the identification of the second disturbance. Figure 4.15 (b) 

identifies the end of the second disturbance as being under its adaptive threshold value, which means 

that it isn’t part of the hard cut. It can be concluded that both algorithms clearly identify successive 

movement disturbances. 

Although only direct movement disturbances have been considered so far, it is important to analyze 

the influence of indirect disturbances applied on the aluminum breadboard. Figure 4.16 shows the 

movement test where the influence of indirect disturbances is analyzed. Two groups of 5 indirect 

disturbances are applied at 𝑡 = 12 seconds and 𝑡 = 22 seconds, with a distance from the POF of 5 𝑐𝑚 

and 15 𝑐𝑚, respectively. 
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(a) 

(b) 

Figure 4.16 – Data on top and corresponding derivative on bottom, for two sequences of indirect 

disturbances at 5 cm away from the POF. (a) Successive correlation; (b) ECR.  

The observation of figure 4.16 shows that, even with the static POF, the indirect disturbances can be 

clearly identified. The indirect disturbances were performed by dropping a box of approximately 200 𝑔 

on the surface from a height of approximately 10 𝑐𝑚, in order to roughly guarantee a similar force applied 

along the test. Since the results from the 5 𝑐𝑚  and 15 𝑐𝑚 tests show similar variations in their data, it 

can be concluded that the force applied from the falling object is the primary factor for the variations in 

the data. 

The conclusions taken from the movement assessments tests are as follows:  

• The results obtained show that both direct and indirect movement disturbances can be easily 

detected with two of the three proposed algorithms, which correspond to the successive 

correlation and ECR algorithms;  
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• The successive correlation algorithm has the advantage of detecting the smallest of movement 

disturbances during the loose movements. It also establishes an inverse correlation between 

the module of the disturbances amplitude with ∆𝑐; 

• The reference correlation algorithm was shown to have clear disadvantages regarding the 

disturbances identification, the reason why its use was discarded; 

• The ECR algorithm has the advantage of identifying more precisely the time period of a hard 

cut through the use of adaptive thresholding, although it is worse at identifying the loose 

disturbances when compared to the successive correlation algorithm. It also establishes a 

direct correlation between the module of the disturbances amplitude with ∆𝑒; 

• A slight variation of the data for both algorithms during the rest state of the POF was observed 

when it was expected to be approximately constant. It can be concluded that the natural 

frequency of the IT building where the prototype is located is enough to originate this 

discrepancy between the theoretical and experimental results. 

Since both the successive correlation and ECR algorithms presented themselves as good methods 

for movement detection, they will be used in the future tests of the remaining disturbances. 

4.3 Breathing Assessment Tests 

The analysis of the breathing influence in the speckle pattern images is made through the identification 

of the frequency with the highest level of intensity in the spectrum. By placing a person on top of the 

aluminum breadboard as shown in figure 4.3 while simultaneously performing breathing movements 

and staying still, the analysis of the breathing movements is done. The range of normal breathing 

frequencies for adults, which is represented by the interval of [10, 30] breathings per minute, 

corresponds to the interval of 𝑓 =  [0.17, 0.5] 𝐻𝑧 for these types of tests. 

For the first breathing test and considering the test in a person with normal breathing rate, which 

corresponds to 10 breathings done per minute, the frequency is approximately 𝑓𝑏𝑟𝑒𝑎𝑡ℎ𝑖𝑛𝑔 = 0.17 𝐻𝑧. 

Figure 4.17 shows the first breathing test where the influence of an expected breathing frequency of 

𝑓𝑏𝑟𝑒𝑎𝑡ℎ𝑖𝑛𝑔 = 0.17 𝐻𝑧 is analyzed.  
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(a) 

(b) 

(c) 

(d) 

Figure 4.17 – Data for an expected breathing rate of 𝑓𝑏𝑟𝑒𝑎𝑡ℎ𝑖𝑛𝑔 = 0.17 𝐻𝑧. (a) Correlation; (b) 

Derivative correlation; (c) ECR; (d) Derivative ECR. 

The observation of figure 4.17, particularly of figure 4.17 (a), shows the moments where the periodic 

breathing movements were performed, at 𝑡 ≈ {3, 8, 14, 20, 26} seconds. Since the expected value of 

frequency is 𝑓𝑏𝑟𝑒𝑎𝑡ℎ𝑖𝑛𝑔 = 0,17 𝐻𝑧, the range of frequencies used for the FFT is [0, 0.5] 𝐻𝑧. Figure 4.18 

shows the evolution of the single-sided amplitude spectrum of the data in a linear scale.  
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                                   (a)                                                                               (b)  

                                        (c)                                                                                (d) 

Figure 4.18 – Single-sided amplitude spectrum for an expected breathing rate of 𝑓𝑏𝑟𝑒𝑎𝑡ℎ𝑖𝑛𝑔 =

0.17 𝐻𝑧 in linear scale. (a) Correlation; (b) Derivative correlation; (c) ECR; (d) Derivative ECR.  

The observation of figure 4.18, particularly of figure 4.18 (a) and figure 4.18 (b), shows that the 

frequencies of  𝑓𝑏𝑟𝑒𝑎𝑡ℎ𝑖𝑛𝑔 ≈ 0.17𝐻𝑧 and 𝑓𝑏𝑟𝑒𝑎𝑡ℎ𝑖𝑛𝑔 ≈ 0.15𝐻𝑧 were identified in the amplitude spectrums, 

respectively, as well as an expectedly higher continuous component in the lower frequencies. The 

𝑓𝑏𝑟𝑒𝑎𝑡ℎ𝑖𝑛𝑔 ≈ 0.17 𝐻𝑧 of the correlation data is closer to the expected 𝑓𝑏𝑟𝑒𝑎𝑡ℎ𝑖𝑛𝑔 when compared to the 

ECR data, which was expected from the results previously obtained in section 4.1. On the other hand, 

the derivatives of these data, although showing the same intervals of frequencies with high levels of 

intensity, present the values of 𝑓𝑏𝑟𝑒𝑎𝑡ℎ𝑖𝑛𝑔  ≈ {0.32, 0.36} 𝐻𝑧 as the highest levels of intensity for the 

correlation and ECR data, respectively. Since the information obtained from the derivative regarding the 

FFT can be misleading and there hasn’t been unique information taken from it until now, this type of 

data will be dropped from now on. 

For the breathing test made in order to assess the differences in results with an accelerated breathing 

rate of 20 breathings per minute, the corresponding frequency is approximately of 𝑓𝑏𝑟𝑒𝑎𝑡ℎ𝑖𝑛𝑔 = 0.33 𝐻𝑧. 

Figure 4.19 shows the breathing test where the influence of a breathing frequency of  𝑓𝑏𝑟𝑒𝑎𝑡ℎ𝑖𝑛𝑔 =

0.33 𝐻𝑧 is analyzed.  
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(a) 

(b) 

Figure 4.19 – Data for an expected breathing rate of 𝑓𝑏𝑟𝑒𝑎𝑡ℎ𝑖𝑛𝑔 = 0.33 𝐻𝑧. (a) Correlation; (b) ECR. 

The observation of figure 4.19, in particular figure 4.19 (a), shows the moments where the periodic 

breathing movements were performed, at 𝑡 ≈ {4, 7, 10, 13,16, 19, 21, 23}. Since the expected value of 

frequency is 𝑓𝑏𝑟𝑒𝑎𝑡ℎ𝑖𝑛𝑔 = 0,33 𝐻𝑧, the range of frequencies used for the FFT is [0, 0.5] 𝐻𝑧. Figure 4.20 

shows the evolution of the single-sided amplitude spectrum of the data in a linear scale. 

(a)   (b) 

Figure 4.20 – Single-sided amplitude spectrum for a breath-rate of 𝑓𝑏𝑟𝑒𝑎𝑡ℎ𝑖𝑛𝑔 = 0.33 𝐻𝑧 in linear 

scale. (a) Correlation; (b) ECR.  

The observation of figure 4.20 shows that the frequencies of 𝑓𝑏𝑟𝑒𝑎𝑡ℎ𝑖𝑛𝑔 ≈ 0.32 𝐻𝑧 and 𝑓𝑏𝑟𝑒𝑎𝑡ℎ𝑖𝑛𝑔 ≈

0.29 𝐻𝑧 were identified in the amplitude spectrums, respectively, as well as an expectedly higher 

continuous component in the lower frequencies. The 𝑓𝑏𝑟𝑒𝑎𝑡ℎ𝑖𝑛𝑔 ≈ 0.32 𝐻𝑧 of the correlation data is closer 

to the expected 𝑓𝑏𝑟𝑒𝑎𝑡ℎ𝑖𝑛𝑔 when compared to the ECR data, which was expected both from the results 

previously obtained in section 4.1 and in the current section. 

The conclusions taken from the breathing assessments tests are as follows:  

• The breathing tests made in the current section showed the viability of detecting the breathing 

action, both through the corresponding frequency and the algorithms from section 3.3.2;  
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• Since the data derivatives haven’t shown unique information for the tests of all the 

disturbances until now and their information was misleading for the current ones, its analysis 

will be dropped from now on;  

• Closely mirroring the assessment tests of the pendulum, the comparison of results between 

the 2 algorithms showed that the correlation data provide a better identification of the 

frequency of breathing when compared to the ECR data. 

With the breathing detection being successfully shown, the last battery of assessment tests to be 

made corresponds to the heartbeat. 

4.4 Heartbeat Assessment Tests 

The analysis of the heartbeat influence in the speckle pattern images is made through the identification 

of the frequency with the highest level of intensity in the spectrum. By placing the wrist of a person on 

top of the aluminum breadboard as shown in figure 4.3, the analysis of the breathing movements is 

done. The range of normal heartbeat frequencies for adults, which is represented by the interval of [45, 

120] pulsations per minute, corresponds to the interval of 𝑓 =  [0.75, 2] 𝐻𝑧 for these types of tests. 

For the first heartbeat test and considering the test in a person with normal heartbeat rate, which 

corresponded to 78 pulsations per minute, the frequency is approximately 𝑓𝑝𝑢𝑙𝑠𝑎𝑡𝑖𝑜𝑛 = 1.3 𝐻𝑧. Figure 

4.21 shows the first heartbeat test where the influence of an expected heartbeat frequency of 𝑓𝑝𝑢𝑙𝑠𝑎𝑡𝑖𝑜𝑛 =

1.3 𝐻𝑧 is analyzed, when the wrist is placed in contact near the POF at 𝑡 = 5 seconds.  

                                                                                 a) 

(b) 

(c) 

Figure 4.21 - Correlation data for an expected heartbeat rate of 𝑓𝑝𝑢𝑙𝑠𝑎𝑡𝑖𝑜𝑛 = 1.3 𝐻𝑧. (a) Entire test 

duration; (b) Pre-disturbance period; (c) Post-disturbance period.  
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The objective for the collected data represented by figure 4.21 is to demonstrate that the data 

represented in figure 4.21 (b) and figure 4.21 (c) shows different highest levels of intensity at different 

frequencies when applying FFT, which would prove that different signals are being detected. Since the 

expected value of frequency is  𝑓𝑝𝑢𝑙𝑠𝑎𝑡𝑖𝑜𝑛 = 1.3 𝐻𝑧, the range of frequencies used for the FFT is 

[0.75, 2] 𝐻𝑧. Figure 4.22 shows the evolution of the single-sided amplitude spectrum of the correlation 

in a linear scale.  

(a)                                                                              (b) 

Figure 4.22 - Single-sided amplitude spectrum for an expected heartbeat rate of 𝑓𝑝𝑢𝑙𝑠𝑎𝑡𝑖𝑜𝑛 = 1.3 𝐻𝑧 

in linear scale. (a) Pre-disturbance period; (b) Post-disturbance period. 

The observation of figure 4.22 (a) shows the identified frequency of 𝑓 = 1,05 𝐻𝑧 for the signal without 

interference from disturbances applied from the wrist. The observation of figure 4.22 (b) shows that the 

expected frequency of heartbeat couldn’t be detected, since amplitude peaks are show for every interval 

of 𝑓 ≈ 0,1 𝐻𝑧. These findings lead to the conclusion that different disturbances are being detected in 

each time period.  

Since signals acquired during longer periods of time produce better frequency approximations, the 

second heartbeat test is made once again with the wrist near the POF, for a time period of 60 seconds 

Figure 4.23 shows the heartbeat test where the influence of an expected heartbeat frequency of 

𝑓𝑝𝑢𝑙𝑠𝑎𝑡𝑖𝑜𝑛 = 1.28 𝐻𝑧 is analyzed, when the wrist is placed in contact near the POF before the test is 

made. 
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(a) 

(b) 

Figure 4.23 - Data for an expected heartbeat rate of 𝑓𝑝𝑢𝑙𝑠𝑎𝑡𝑖𝑜𝑛 = 1.28 𝐻𝑧, near the POF. (a) Correlation; 

(b) ECR. 

Since the expected value of frequency is  𝑓𝑝𝑢𝑙𝑠𝑎𝑡𝑖𝑜𝑛 = 1.28 𝐻𝑧, the range of frequencies used for the 

FFT is [0.75, 2] 𝐻𝑧. Figure 4.24 shows the evolution of the single-sided amplitude spectrum of the data 

in a linear scale. 

(a)                                                                              (b) 

Figure 4.24 - Single-sided amplitude spectrum for an expected heartbeat rate of 𝑓𝑝𝑢𝑙𝑠𝑎𝑡𝑖𝑜𝑛 = 1.28 𝐻𝑧 

in linear scale, near the POF. (a) Correlation; (b) ECR. 

The observation of figure 4.24 (a) shows that the correlation data has no relevant information 

regarding the identification of the frequency of the heartbeat. While figure 4.24 (b) identifies  𝑓 = 1.5 𝐻𝑧 

as the experimental value for the frequency of heartbeat, it strands too far away from the expected value 

to be considered a valid result. The combination of results of the first 2 heartbeat tests show that, with 

the current prototype, the capability of detecting heartbeat around the area of the POF is non-existent.  

Since non-direct contact with the POF leads to unsatisfactory results, the next heartbeat test deals 

with direct contact with it, for a time period of 60 seconds. Figure 4.25 shows the heartbeat test where 
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the influence of a expected heartbeat frequency of 𝑓𝑝𝑢𝑙𝑠𝑎𝑡𝑖𝑜𝑛 = 1.31 𝐻𝑧 is analyzed, when the wrist is 

placed in direct contact with the POF before the test is made.  

(a) 

(b) 

Figure 4.25 - Data for an expected heartbeat rate of 𝑓𝑝𝑢𝑙𝑠𝑎𝑡𝑖𝑜𝑛 = 1.31 𝐻𝑧, in direct contact with the POF. 

(a) Correlation; (b) ECR. 

Since the expected value of frequency is  𝑓𝑝𝑢𝑙𝑠𝑎𝑡𝑖𝑜𝑛 = 1.31 𝐻𝑧, the range of frequencies used for the 

FFT is [0.75, 2] 𝐻𝑧. Figure 4.26 shows the evolution of the single-sided amplitude spectrum of the data 

in a linear scale. 

(a)                                                                               (b) 

Figure 4.26 – Single-sided amplitude spectrum for an expected heartbeat rate of 𝑓𝑝𝑢𝑙𝑠𝑎𝑡𝑖𝑜𝑛 =

1.31 𝐻𝑧 in linear scale, in direct contact with the POF. (a) Correlation; (b) ECR. 

Mirroring the heartbeat test near the POF, the observation of figure 4.26 (a) shows that the correlation 

data has no relevant information regarding the identification of the frequency of the heartbeat. While 

figure 4.26 (b) identifies  𝑓 = 1.6 𝐻𝑧 as the experimental value for the frequency of heartbeat, it strands 

too far away from the expected one to be considered a valid result. The combination of the first 3 

heartbeat tests show that, with the current prototype and considering the interval of 𝑓 = [0.75, 2] 𝐻𝑧, the 

capability of detecting heartbeat around the area of the POF is non-existent.  
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Considering the situation of direct contact with the POF without further movement as the best case 

for the heartbeat identification, removing the frequency related to the stationary case of the prototype of 

 𝑓 = 1.05 𝐻𝑧 is the final attempt for eventual frequency identification of the heartbeat signal. Figure 4.27 

shows the evolution of the single-sided amplitude spectrum of the data from figure 4.25 in a linear scale, 

with 𝑓 = 1.05 𝐻𝑧 filtered.    

                                         (a)                                                                              (b) 

Figure 4.27 - Single-sided amplitude spectrum for an expected heartbeat rate of 𝑓𝑝𝑢𝑙𝑠𝑎𝑡𝑖𝑜𝑛 = 1.31 𝐻𝑧 in 

linear scale, in direct contact with the POF, with 𝑓 = 1.05 𝐻𝑧 filtered. (a) Correlation; (b) ECR. 

Mirroring the result from previous heartbeat tests, an experimental value for the frequency heartbeat 

couldn’t be found with the FFT represented by figure 4.25, making unviable the detection of the heartbeat 

through the current prototype and algorithms used. 

The conclusions taken from the heartbeat assessments tests are as follows:  

• The heartbeat tests made in the current section showed the non-viability of detecting the 

heartbeat action; 

• Although changes in both the signals and corresponding FFT could be perceived when 

comparing the rest state of the prototype with the wrist placed on it, the heartbeat wasn’t the 

responsible factor for the change in both types of data, since the corresponding frequency 

wasn’t detected; 

• In opposition to the correlation data that never identified any particular frequency in all the 

heartbeat tests made, the ECR data particularly identified 𝑓 = 1.5 𝐻𝑧 and 𝑓 = 1.6 𝐻𝑧 for the 

tests near and in direct contact with the POF, respectively. Since these frequencies were 

considerably far away from the expected value, they correspond eventually to a different type 

of disturbance introduced by the pressure exerted by the arm placed on top of the prototype.  
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4.5 Chapter Conclusions 

The experimental evaluation made with the prototype as represented in figure 3.10 and figure 4.3 

showed that only the breathing and movements were able to be detected with the prototype. When 

considering the present data, the absence of heartbeat detection makes the considered scenario in 

chapter 3 less reliable at preventing HAPU scenarios, since it was a key parameter considered for that 

activity. 

Taking into consideration both the accomplishments and shortcomings of the experimental evaluation 

and put into perspective with the theoretical overview of HAPU prevention, the next chapter will talk 

about the main conclusions taken from the dissertation and suggestions for future work to be done, in 

order to further study the considered scenario.  
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5 Conclusions and Future Work  

5.1 Conclusions 

The speckle pattern images acquired through the use of the prototype showed clear changes when 

comparing the resting state with the periods after the application of the types of disturbance theorized 

for use in the considered scenario shown in figure 3.1. The analysis of the images was using state of 

the art methods for shot transition detection, chosen in section 2.4, and through the FFT application for 

the vital signs. Those tests clarified the degree of useful application of the speckle pattern analysis 

regarding the detection of each disturbance type. 

The speckle pattern images were obtained through tests made in the laboratory of IT by using the 

video capture setup showed in chapter 3, to capture videos of the disturbances applied on the prototype, 

which were made by a single test subject. Although made in a controlled environment, it wasn’t entirely 

possible to isolate the changes in the data collected to a single disturbance type for cases such as the 

breathing and heartbeat. Even though the tests made were limited in quantity, the information provided 

by the analysis of them was enough to provide conclusions about the viability of the detection of the 

disturbances with the prototype. 

The analysis of the pendulum assessment tests concluded that the FFT algorithm clearly identified 

the frequency of oscillation in the prototype, therefore proving its viability for the next disturbances 

assessment tests. The tests also showed that the correlation method provided a better identification of 

the frequency of oscillation when compared to the ECR method. 

The analysis of the movement assessment tests concluded that both direct and indirect changes to 

the POF affect the speckle pattern, providing information about the time period and nature of the 

disturbance made. The tests also showed which shot transition detection methods were ideal for the 

current application by providing a clear explanation of the advantages of the 2 methods accepted and a 

comparison between each type of movement disturbance. It was concluded that disturbances on the 

POF due to movements can be easily detectable. 

The analysis of the breathing assessment tests concluded that their action leads to significant 

changes in the speckle pattern images and the FFT algorithm clearly identified the corresponding 

frequency of the data in the prototype. The tests also showed the derivatives of the data collected 

providing no useful information when compared to original data and, as previously demonstrated by the 

pendulum assessment tests, the correlation method providing a better identification of the frequency of 

oscillation when compared to the ECR method. It was concluded that the disturbances on the POF due 

to breathing can be easily detectable.  
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The analysis of the heartbeat assessment tests concluded both their action leading to a negligible 

difference in the data collected and the inability to clearly detect the heartbeat itself through the FFT 

algorithm not only in the area around the POF, as well as direct contact.  The low intensity of the vital 

sign, compared to previous disturbances tested, corroborates the difficult identification of it. It was 

concluded that the disturbances on the POF due to heartbeat can’t be easily detectable. 

The shot transition methods applied on the data taken from the prototype showed initial promise 

regarding the identification of the disturbances. Considering the entirety of the tests made and the 

corresponding advantages, the correlation method presents itself as the most appropriate for the 

intended application due to the better frequency identification, lower computational period-time and 

correct identification of loose movements. 

In conclusion, the prototype provides the ability to detect both movement and breathing disturbances 

in a laboratory environment made to resemble the medical environment as shown in figure 3.1. Since 

the viability of a sensor using the methodology and technologies dealt with in the dissertation rests on 

also using the heartbeat signals, the considered theoretical scenario remains unviable with the data 

gathered, making it necessary to further expand the work that started with the dissertation. 

5.2 Future Work 

The prototype worked on has the possibility to add more characteristics both in order to more closely 

resemble the medical environment represented by figure 3.1 and to increase the data to work with. The 

suggestions proposed aim to increase the chances of heartbeat detection, as well to improve the data 

already obtained, in order to reliably construct a sensor to be placed in a medical environment for HAPU 

prevention. Those suggestions are as follows: 

• Introducing the prototype in a bed for further experimental tests; 

• Adding data from multiple test subjects; 

• Adding extra shot transition detection methods to further corroborate the results; 

• Transition the materials used in the prototype to the theoretical materials from the considered 

scenario; 

• Identifying a modification for possible heartbeat detection; 

• Adding different fiber optic sensors and compare results; 

• Analysis of tests made over a long period of time (hours).  

The modification for possible heartbeat detection and the analysis of tests made over a long period 

of time represent the most important suggestions for future work, since the viability of the system 

detection of the signals depends on them.  
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