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ABSTRACT 
 

In the last few decades, complications caused during hemodialysis (HD) treatment 

remain a significant cause of morbidity and mortality in patients. During standard HD, 

there is a significant tendency for the body temperature to rise slightly, which is sufficient 

to cause complications. Recent studies show that the controlling of body temperature by 

altering the dialysate temperature, can reduce the complication episodes. Although the 

importance of active regulation of dialysate temperature control and its benefits have 

mentioned in literature, an enhanced design of controller and its comparison with dated 

commercial controller - Blood Temperature Monitor (BTM) have not been reported yet.  

Hence, it is the intention of this work to introduce the development of an effective 

dialysate temperature control module (DTCM) prototype and its comprehensive analysis 

in providing stable body temperature during the HD treatment. This study is incorporated 

with various prototype development stages such as prototype design, implementation, 

controller optimization, parameter estimation through simulation and in-vitro 

evaluation. Primarily, an innovative dialysate proportioning method is proposed for the 

development of the DTCM prototype. The study also involves a simulation of the heat 

transfer in a dialyzer and optimization of fuzzy logic controller design in real environment 

for the benefit of the DTCM evaluation. Finally, the DTCM prototype was evaluated and 

validated through in-vitro experiments. 

For the simulation study, a Polyflux 210H dialyzer model was developed using 

COMSOL Multiphysics software. Results showed the decrease in blood temperature 



 iv  

along the membrane could be one of the consequences of venous line cooling as 

reported in literature and thus necessitates an effective system to control the dialysate 

temperature.  

Prior to the DTCM controller implementation, the performance of fuzzy logic-

based temperature control was optimized from numerous designs. Optimum 

performance was found in the fuzzy logic design with a symmetrical rule base and the 

highest number of overlapping triangular membership functions. However, the 

optimized design shows a significant improvement in accuracy (±0.125°C) compared to 

the accuracy (±0.5°C) of published experimental study. 

For the in-vitro evaluation of DTCM prototype, an extracorporeal thermal energy 

model incorporating the heat transfer in dialyzer was proposed to estimate the arterial 

and venous temperatures. The results showed that the estimated arterial and venous 

temperature under standard dialysate are in accordance to that of published literature. 

Then, the working of DTCM prototype was evaluated under real-time environment for 

pre-defined trend of body temperatures and other various parameters. The results 

showed a remarkable response in maintaining body temperature with a tolerance of 

±0.09°C under shorter duration. In fact, the DTCM prototype was then validated and 

noted to have a slightly better error tolerance in comparison with BTM experimental data 

(±0.16°C). 

The results obtained provides a gateway towards the development of dialysate 

temperature control system for HD machines. The potential of DTCM prototype to 

control the body temperature during the treatment has been proven through this work. 



 v  

The prototype design used in the current study can be implemented in HD machines, 

making it more affordable and accessible, paving the way to reduce HD related mortality. 
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Chapter 1 

1 INTRODUCTION 

 

 Background  

When blood flows through the body, surplus water and toxins can accumulate 

within the blood from the ongoing metabolic processes of the body. The level of surplus 

toxins must remove to sustain the physiological functions of various organs and cells in 

our body. To retain this balance, the kidney plays a vital role of removing water and 

wastes from the blood. Other than removing excess water and toxins, the kidneys also 

provide many other regulatory mechanisms concerned with the maintenance of the body 

function. These includes maintenance of electrolyte balance in body fluids, maintenance 

of acid-base balance in body fluids and tissues, reabsorption of glucose and amino acids, 

regulation of blood pressure as well as the production of hormones [1]. Once kidneys fail 

to function normally, excess fluid is retained, and several solutes and ions accumulate in 

the body. The consequence of this may become life threatening. The potential ways for 

patients with kidney failure to survive is either by kidney transplantation or attending a 

regular hemodialysis (HD) treatment. However, there are many potential benefits of an 

effective kidney transplant, but the entire numbers of transplants are very low [2]. This 

is mainly due to the lack of donors, and if they found a donor, sometimes the body fails 

to accept the new kidney. Hence, the alternative for these patients is to undergo regular 

HD treatment. 
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In HD, the patient’s blood is passed through tubing system to a semipermeable 

membrane, which has dialysis fluid (dialysate) running on the other side as shown in 

Figure 1.1. Diffusion of dissolved substances from one stream to the other removes 

molecules that are in excess in the blood and replaces those for which there is a 

deficiency. During HD, the maintenance of body fluid levels is accomplished by the 

transport of solutes such as urea from the blood into dialysate by diffusion and by the 

transport of solutes such as bicarbonate from dialysate into the blood by back diffusion. 

The renal failure patient may have excess water, which is removed by the process of 

ultrafiltration. Through HD, the cleansed blood is then returned through the system back 

to the body.  HD patients undergo dialysis, usually two or three times a week, about four 

hours each time, after which patients often feel exhausted or ill. The alternate-day 

schedule of HD presents a significant barrier to patients seeking to maintain employment 

or school enrolment. It has been estimated that less than 10% of dialysis patients 

maintain employment [2]. 

 
Figure 1.1 – Schematic of HD circuit [3]. 
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HD has been associated with frequent intradialytic complications (hypotension, 

sickness, cramps, etc.) and post-dialysis complaints of headache, fatigue, inability to 

concentrate and other functions, which may significantly weaken the quality of life. 

During early days of the introduction of HD, complications were common due to the 

technical drawbacks associated with the HD machine. With the help of technological 

development, particularly in the last 20 years, complications have reduced to a great 

extent. Yet, intradialytic hypotension (IDH) remains the most common complication in 

HD which endure as a significant cause of morbidity and mortality [4]. 

HD machine controls the circulation of blood from patient through dialyzer and 

back to patient. It continuously monitors and controls all important parameters such as 

blood flow rate, dialysate temperature, dialysate conductivity etc. and automatically 

halting treatment in the event of parameters going out of any pre-defined limits. In 

addition, there are several biofeedback control systems such as blood volume, blood 

pressure, heart rate, temperature, and dialysate conductivity etc., employed in HD 

machines, which are responsible for reduction in complications. Studies on temperature 

biofeedback system in the recent years are quite sparse. The motivation of developing 

temperature controller is to prevent heat accumulation which normally increases the 

body temperature in the HD patients. It was also evident that the control of body 

temperature can improve cardiovascular stability during HD. In addition to this, 

maintaining the dialysate temperature within the physiological range is vital for patients’ 

safety [5]. 
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 Problem statement 

Nowadays, 10% of the population worldwide is affected by chronic kidney disease 

(CKD) and millions die each year because they do not have access to affordable 

treatment. CKD is a common health crisis and the incidence of CKD shows an alarming 

increase especially in developing countries [6]–[8]. The number of patients receiving 

dialysis is estimated to be more than 1.4 million, with incidence growing by 

approximately 8% annually all around the world [9]. In Malaysia, there was an 

exponential growth in the incidence of CKD and the number of those patients on dialysis 

treatment. According to the 11th & 24th report of the Malaysian Dialysis and Transplant 

Registry, the dialysis prevalence rate has increased dramatically from 391 per million 

populations in 2003 to 1159 per million in 2016 [10], [11]. This rapid rise is mainly due to 

the increase in the incidence of lifestyle diseases like diabetes and hypertension. 

Moreover, the number of people without access to unaffordable renal replacement 

therapies (RRT) remain significant in many developing countries [12]. Recent study also 

shows that the number of people undergoing RRT will be doubled by 2030, mostly in 

developing regions such as Asia and Africa [13]. 

IDH is the most adverse effect of HD, occurring up to 20 to 30% of dialysis 

sessions, which is responsible for various symptoms such as vomiting, dizziness, fatigue, 

etc. [14]. Such episodes predispose the patients to leave the dialysis unit and if repetitive 

occurrence can lead to inadequate clearance. IDH is one of the independent risk factors 

affecting mortality in HD patients. However, body temperature plays a vital role in the 

onset of IDH. In fact, the highest mortality was observed among the patients whose body 

temperature fluctuates during the treatment [15]. In the current practice, the constant 
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dialysate temperature would not be sufficient to keep the body temperature stable. 

Moreover, it is quite impractical through a manual adjustment in dialysate temperature 

as it requires significant staff intervention during the treatment. Even though, a 

commercially available body temperature control is available namely Blood Temperature 

Monitor (BTM) for HD machine, it is not well-renowned due to its high cost and limited 

interface with other HD machines. Therefore, the development of an active control 

module of dialysate temperature is much needed for our society. 

 Research objectives 

Overall objective of this research was to develop a novel dialysate proportioning 

prototype and an optimum control method to provide a stable body temperature with 

certain qualities such as improved efficiency, individualized, modularity and easy-

interface with other HD machines. The main drive to develop such dialysate temperature 

control module (DTCM) prototype was to explore the potential of maintaining body 

temperature during the treatment which can be implemented in any current HD 

machines. Specific objectives of this research were as follows: 

Ø To develop a novel design of dialysate proportioning method for the benefit of 

temperature control. 

Ø To evaluate the effect of heat transfer in a dialyzer under various 

hemodynamic conditions. 

Ø To evaluate the implementation of fuzzy logic control (FLC) in Raspberry Pi 

microcontroller for temperature control application. 

Ø To evaluate the in-vitro analysis of the DTCM prototype under various 

conditions. 
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 Research scopes 

1.4.1 Design of a novel dialysate proportioning method 

The design of a novel dialysate proportioning method was proposed for the 

development of an efficient dialysate temperature controller. The main intention for 

such development was to introduce an effective temperature control through varying 

flow rates rather than conventional heaters. This chapter emphasizes on the evolution of 

prototype development including hardware and software to illustrate the overview of 

DTCM. 

1.4.2 Effect of heat transfer in a dialyzer 

The heat transfer in a dialyzer membrane namely Polyflux 210H was investigated 

using COMSOL Multiphysics software. The effect of temperature trend in blood and 

dialysate side were analysed under various hemodynamic parameters (dialysate 

temperature, blood temperature, blood flow rate and dialysate flow rate) in order to 

deduce the generalized expression of heat transfer in dialyzer.  

1.4.3 Implementation of fuzzy logic control in Raspberry Pi 

FLC was implemented in a low-cost microcontroller Raspberry Pi for the 

optimization of temperature controller. The temperature outputs were analysed for 

various fuzzy logic designs in terms of certain performance indices (IAE, ITAE and ISE) and 

settling time. The optimized fuzzy logic design was then compared with the published 

fuzzy logic based temperature control results.  
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1.4.4 In-vitro analysis of dialysate temperature control module 

An extracorporeal thermal energy balance model incorporating the heat transfer 

in dialyzer was proposed and validated for the in-vitro analysis of DTCM prototype. The 

effect of body temperature and controller performance using DTCM was then compared 

against commercially available Blood Temperature Monitor (BTM) clinical results. 

Moreover, the effect of temperatures such as arterial, venous and dialysate were 

monitored under various conditions.  

 Contribution of Research 

The technological advancements in HD machine over the years have solely 

focussed on biofeedback control systems (arterial pressure, body temperature, relative 

blood volume and dialysate conductivity). The proposed method adopted in current 

research will provide an alternate technique for temperature controller module of HD 

machine in resulting a stable body temperature during the treatment. The individualized 

body temperature control would have high potential not only to reduce the intradialytic 

complications but also improves the patient’s quality of life. This will also help in bridging 

the gap between temperature control and avoidable intradialytic complications that will 

benefit the kidney patients all over the world. 

 Thesis outline 

The thesis is divided into seven chapters and the following flow chart (Figure 1.2) 

provides information on the thesis outline.  
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Figure 1.2 - Flow chart representing the overall thesis outline. 

In Chapter 1, the prologue of this research which includes background 

information, objectives and scope of research are clearly portrayed. Chapter 2 provides 

the review of literatures about the effects of body temperature during HD and recent 

technological advancements in temperature controller. Design and methodology of this 

research is explained in Chapter 3, where the proposed prototype is designed and 

constructed in order to solve the problem at hand. Chapter 4 explains the simulation 

study on the effect of heat transfer in a dialyzer. Likewise, Chapter 5 has dealt with the 

performance evaluation and optimization of FLC prior to implementation in DTCM. Then, 

Chapter 6 illustrates the overall in-vitro analysis of DTCM through various experiments. 

Finally, Chapter 7 portrays the conclusion of this research. It also states some important 

summarized facts regarding this research and future work to be done.

Chapter 
1

• Introduction
• Research aim & objectives

Chapter 
2

• Literature review

Chapter 
3

• Design and methodology of DTCM

Chapter 
4

• Effect of heat transfer in a dialyzer

Chapter 
5

• Performance evaluation of FLC

Chapter 
6

• In-vitro analysis of DTCM

Chapter 
7

• Conclusion & future works



 9  

Chapter - 2  

2 LITERATURE REVIEW 

 

 Significance of heat accumulation in Hemodialysis 

Normally, a living organism feels most comfortable when it is in a state known as 

thermal equilibrium, which means the amount of heat lost through the skin equals the 

amount of heat that enters through the skin. This infers that the body temperature has 

been kept stable within narrow limits, which is achieved by the thermoregulatory 

mechanism [16]. However, HD could extremely interrupt the patient’s pre-dialysis 

thermal equilibrium due to the heat exchange taking place in extracorporeal circuit [17]. 

In contrast to the accumulation of uremic solutes, there is also a potential for thermal 

energy to accumulate during HD. The accumulated heat results in an increase of body 

core temperature even with net thermal energy loss from patient to extracorporeal 

circuit [18]. One of the major possibility for the heat accumulation in HD is due to the 

decreased dissipation of heat from the body surface during HD [19]. Other possible 

causes mentioned in the literatures are due to increased metabolic rate and delivery of 

thermal energy by the extracorporeal circuit [17], [20], [21]. Additional cause includes 

the exposure of blood to the extracorporeal circulation. In detail, contact of blood with 

dialyzer and lines, particularly if the materials are of poor quality and not biocompatible, 

induces an inflammatory response that causes abnormal reactions [22]–[24]. This in turn 

causes an increase in heat generation, which could result in an increase of body 

temperature.  
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The reduced transfer of metabolic heat from the body core to body shell is 

essentially caused by cutaneous vasoconstriction as a compensation of reduction in 

blood volume. However, if the heat accumulation increases beyond a critical threshold, 

the increase in the thermoregulatory mechanism will lead to an increase in cutaneous 

blood flow and effective blood volume which will reduce peripheral resistances, leading 

to intradialytic hypotension (IDH) and an increased risk of intradialytic morbidity [25], 

[26]. This process is shown in Figure 2.1. This can contribute to hemodynamic instability, 

the threshold for which differs in individual patients. In contrary, an unique subsequent 

study has reported on insignificant relation in body temperature with a change of 

cutaneous blood flow and skin temperature [18]. However, the body temperature has 

changed significantly related to the timing of dialysis shift, in phase with the circadian 

rhythm [27]. Still, the body temperature plays a vital role in the onset of hypotension 

[26], [28]. Even slight variations in body temperature might be sufficient to cause 

complications. Additionally, IDH is a frequent complication of HD, and is associated with 

under-dialysis and increased mortality and cardiovascular events [29]. So, the prevention 

of accidents due to IDH is an important challenge for the researchers in this field. 

 
Figure 2.1 – Vascular events due to heat accumulation during HD [26]. 
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There are several literatures in regard to the relation between the intra-dialytic 

temperature changes and the hemodynamic response during dialysis. But, there is a lack 

of data regarding the body temperature in HD patients and its long-term course.  A recent 

study has analysed the relationship between trends in body temperature and outcome 

in HD patients [15].  A total of 12695 incident HD patients have taken part in this study, 

which took over 1 year of duration. To the best of our knowledge, this is the first study 

to relate the trend in body temperature with the mortality of HD patients incorporating 

a large number of patients from around 51 dialysis centres. The result shows that the 

highest mortality was observed in patients whose body temperature increased or 

decreased during the period, irrespective of baseline body temperature. Whereas, the 

lowest mortality was found in the group with the highest body temperature at baseline 

and with stable temperature during the treatment. A most fascinating fact appeared out 

of this study; the patients with a decreasing temperature had an increased risk of 

mortality as compared to the groups with stable temperature.  

In an analysis of trends in body temperature before death (as shown in Figure 

2.2), we observed that declines and increases in blood temperature appear to be long-

term phenomena, rather than acute drop preceding death. This reduction of body 

temperature might be an adaptive response of body to inflammation when the body 

cannot cope with the increasing demands of fever. Another factor that occur might due 

to a decrease in body temperature is cardiac failure. The highest mortality in dialysis 

patients during this study was found to be in the winter period, which shows the effect 

of ambient temperature in patients’ body temperature. 



 12  

 
Figure 2.2 - Average weekly body temperatures prior to death in patients whose body 

temperatures (a) declined and (b) increased [15]. 

This study serves as a strong evidence in mortality due to fluctuations in body 

temperature during HD. However, more detailed analysis of body temperature changes 

is needed to obtain a clear vision into physiological mechanisms behind the mortality in 

HD patients. The control of body temperature is much needed to overcome this 

depressing mortality trend. One of the simplest ways to control body temperature is to 

reduce the dialysate temperature in extracorporeal circuit, first described by Maggiore 

et al. in the 1980s [30]. The primary aim was to compensate the temperature change in 

HD patients. In addition to this, maintaining the dialysate temperature within the 

physiological range is vital for patients’ safety. As dialysate temperature plays a crucial 

role in hemodynamic stability, knowledge of an optimal dialysate temperature is 

important. 

 Towards an optimal dialysate temperature 

Nowadays, almost all HD machines are equipped with a system to control for a 

constant dialysate temperature. Traditionally, dialysate temperature of 37°C was 

considered as standard temperature for everyday HD [31], [32]. It was considered with 

the intention to keep the core temperature stable within the narrow limits. In reality, the 

36.1

36.2

36.3

36.4

36.5

36.6

36.7

35 30 25 20 15 10 5 0

Av
er

ag
e 

pr
e-

di
al

ys
is 

BT
 (℃

)

Weeks before death

Body temperature prior to death in patients 
whose body temperature is declined

36.1

36.2

36.3

36.4

36.5

36.6

36.7

35 30 25 20 15 10 5 0

Av
er

ag
e 

pr
e-

di
al

ys
is 

BT
 (℃

)

Weeks before death

Body temperature prior to death in patients 
whose body temperature is increased 

(a) (b)



 13  

standard dialysate was somewhat higher than the average physiologic core temperature. 

However, the body temperature of long-term HD patients were less than 36.5°C, which 

is lower than healthy individuals [20], [33]. This could lead to an increase in core 

temperature of about 0.3 to 0.8°C, which could result in high chance of IDH [30], [32], 

[33]. Early studies confirmed that the body was sensitive to even slight change in 

temperature. Even a slight increase in temperature would lead to an excessive drop in 

blood pressure, which in turn increases the frequency of staff interventions [34]. The 

excess body heat can be eliminated not only via skin but also by means of extracorporeal 

blood circulation. This depends on the temperature difference between blood and 

dialysate fluid. 

Numerous studies have confirmed that the mild cool dialysate improves the 

hemodynamic stability when compared to standard dialysate temperature. The idea of 

cool dialysate postulated to be beneficial by avoiding the heat accumulation and hence 

reducing the IDH episodes during the treatment. Over the last 10 years, majority of 

studies have dealt with cool dialysate to prevent IDH as primary investigation. From the 

reported literatures, the cool dialysate at temperature of 35°C showed a very promising 

approach in preventing IDH episodes with improvements in hemodynamic stability 

including stroke volume, heart rate, baroreflex sensitivity and cardiac output [23], [35]–

[38]. In a systemic review with a total of 42 studies on cool dialysis have reported that 

IDH occurred 7.1% times less frequently, while post-dialysis mean arterial pressure was 

higher than standard dialysate by 11.3 mmHg [23]. However, the recent study has 

suggested the reduction in sodium concentration with cool dialysate improves the lower 

fluctuations in blood pressure [37]. In a short study consisting of 5 patients, the cool 

dialysate improved the tolerance for HD in hypotension prone patients while maintaining 
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the hemodynamic stability during and after dialysis [39]. In another study, Ghasemi et 

al., observed that, especially patients with diabetes had lesser episodes of IDH for cool 

dialysis [31]. Unlike other studies, Korkor et al., have performed a study with a few 

patients with a decrease in dialysate temperature by a little of 0.5°C – 1.0°C, which 

resulted in lesser episodes of IDH [40]. Subsequently, the cool dialysate resulted in lesser 

staff intervention during HD, which has a positive impact on the functionality of HD 

machine. In addition to study based on IDH episodes, the cool dialysate have substantial 

improvement in terms of quality of life, insignificance in biocompatibility, improves 

nocturnal sleep compared to standard dialysate [22], [39], [41]. In a most recent study, 

the cool dialysate at 36°C have reduced the sensory symptoms (such as numbness) by 

10% and motor symptoms (such as muscle weakness) by 36 – 54% [42]. In contrary, the 

cool dialysate at 36°C did not show any significant benefit compared to standard dialysate 

at 37°C [43]. 

Likewise, a study with the utilization of dialysate temperature at 35.5°C have 

reported that core temperature remained stable, but even increased in some patients 

despite significant thermal energy loss from the patient to extracorporeal circuit [44]. 

This could be due to the individual threshold of thermoregulatory mechanism. By 

considering the HD adequacy, urea based dialysis adequacy is largely unaffected by 

dialysate temperature as reported in the literatures [25]. However, it is suggested that 

prolonged utilization of cool dialysate might lead to comorbidities associated with excess 

toxin accumulation. With the best of our knowledge, a clinical trial for removal of both 

small and large sized toxins through dialysate temperature manipulation has never been 

conducted so far.  
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The data suggests that cool dialysis is simple, inexpensive, and reduces 

intradialytic events during HD. However, the use of extremely low dialysate temperature 

in the range of 35°C – 35.5°C, has shown unpleasant effects in some patients such as 

shivering and cold sensation [23], [39], [40].  It has been reported that up to 70% of 

patients feel cold sensation during the treatment and shivering was observed in some 

patients [5], [32]. Even though, this is not a serious disadvantage, yet it would eventually 

affect the patients in long-term. This could be the reason that cool dialysate is not 

recommended as standard dialysate prescription even though it was reported over 38 

years back with a significant reduction in IDH episodes. It is also expected that individual 

patients have a different temperature threshold at which a benefit to hemodynamic 

stability is conferred [34]. It can be seen that there is a lack of long-term studies with 

limited sample sizes that would help to generalize the effect of cool dialysate to a larger 

HD patient population worldwide. 

This cold symptom tolerability can be optimized by an individualized approach to 

dialysate temperature prescription. Recently, a recent review study has recommended 

for an effective treatment by considering the individualized dialysate temperature 

especially for the patients who suffer from persistent IDH [45]. Majority of recent studies 

have utilized 0.5°C less than body core temperature (BT-5°C) as individualized dialysate 

temperature [46]–[50]. These studies have reported a significant improvement in 

hemodynamic stability compared to fixed dialysate temperature. In a recent study with 

larger sample and longer duration, the individualized dialysate temperature has reported 

on the reduction of IDH frequency with no substantial effect in dialysis adequacy in order 

to implement in real-world HD population [46]. But, almost all patients have felt cold 

symptoms with a 5% drop out rate. Moreover, Eldehni et al., and Jefferies et al., have 
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demonstrated that the individualized dialysate temperature improves the preservation 

of brain white matter and abrogates complications with effective hemodynamic 

stabilization method [47], [50]. Moreover, a study with hypertension prone patients with 

improved stability in terms of blood pressure and heart rate were observed with BT-5°C 

compared to 37°C (standard) and  BT+0.5°C as dialysate temperatures [48]. In contrary, 

there was no effect in cardiac structure and functions during individualized dialysate 

temperature control dialysis compared to standard dialysis [49]. In fact, these studies 

have improved the stability without any additional cost for therapy. However, more 

research is required to define the precise temperature at which maximum benefit is 

achieved without an increase in symptoms. It is also necessary to examine the effect of 

optimal dialysate temperature on long-term patient outcomes, as improving dialysis 

stability and reducing IDH episodes. 

From these studies, hemodynamic stability can be improved when body 

temperature is prevented from rising during treatment and when a large fraction of 

thermal energy produced in the patients should be removed from the body through 

extracorporeal circulation. When concerned about optimal dialysate temperature, it is 

probably best to prevent an increase in body temperature during HD allowing increased 

patient’s comfort and reduced complications [5], [17]. In another perspective, the 

maintenance of stable body temperature could be possible through a continuous manual 

adjustment in dialysate temperature and monitoring the effect of arterial and venous 

temperature during HD treatment. Although this can be achieved, it is impractical 

because it would require significant staff intervention for accurate and fast control of the 

dialysate temperature [33]. Therefore, an automated control of dialysate temperature 
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could be achieved using biofeedback control system through HD machine technical 

development.  

 Technological advancements in Hemodialysis machines to prevent 

complications 

Technology developed over many years enabled HD machines to meet the needs 

of patients and minimize the amount of complications, especially IDH [51]. Mainly, early 

recognition and rectification of life-threatening complications save lives. Even though 

some complications may not threaten the patients’ life but eventually weaken the quality 

of life of the patients. Traditionally, HD treatment follows the same prescription with the 

assumption of clinical and laboratory outcomes unless any adverse events such as IDH 

occurs during treatment [52]. As a result, these actions would discomfort the patients by 

interrupting the treatment, which eventually affects the dialysis consequences. To 

counteract, the technological developments have made possible the detection of 

subclinical predictors of hemodynamic instability, for example relative blood volume 

variations, in order to prevent hypotension. With instantaneous measurement of these 

specific parameters during HD, actions can be implemented to correct the monitored 

parameters towards a desired target, with the aim of preventing hypotension. These 

actions are automated and regulated by a closed feedback loop, known by biofeedback 

control system. At the present time, most common biofeedback control systems for 

different parameters are: relative blood volume, arterial pressure, blood temperature, 

and plasma conductivity as shown in Figure 2.3. 
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Figure 2.3 – Common biofeedback control systems for HD machine. 

Currently, only two commercially blood volume biofeedback devices are 

available: Hemocontrol (Gambro Lundia, Sweden) and the Blood Volume Monitor (BVM) 

(Fresenius, Germany) systems. Hemocontrol blood volume management system is based 

on an automatic multiple input multiple output (MIMO) controller to force the blood 

volume reduction along a pre-defined trajectory towards a pre-defined target (ideal 

curve) of blood reduction as shown in Figure 2.4 [53]. The instantaneous control 

employing PID control technique has resulted in a smoother relative blood volume 

reduction by avoiding the irregularities in blood volume reduction. The main aim of the 

Hemocontrol system is to achieve the same sodium and water balance according to 

traditional approach, while enhancing the hemodynamic tolerability by profiling the 

ultrafiltration (UF) rate and dialysate conductivity. In fact, when the blood volume 

approaches the lower acceptable value for a given patient, UF is reduced or stopped as 

the dialysis conductivity increases [52]. Several studies have reported on the 

improvement in hemodynamic stability and myocardial episodes with improved 

efficiency during HD compared to standard dialysis [54]–[56].  
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Figure 2.4 – Block representation of Hemocontrol biofeedback control system [52]. 

Another physiological biofeedback control, BVM deals with the critical relative 

blood volume instead of tracking an optimal curve to reach a final blood volume [57]. 

This system works with the pre-defined algorithm that changes UF with respect to the 

critical relative blood volume. However, the effectivity of BVM is due to the non-invasive 

ultrasonic blood volume sensor with an accuracy of better than 2%, which works by the 

principle of  speed of protein concentration [58]. Whereas, the Hemocontrol utilizes an 

optical sensor for the measurement of blood volume [52]. Unlike Hemocontrol, the 

system does not include control of dialysate conductivity. In a review study, BVM have 

improved the treatment to prevent IDH and other severe events especially for 

hypotension-prone patients compared with conventional HD [59], [60]. 

Many researchers have been designing an optimum control system to reduce the 

hypotension complication during dialysis. In recent study, a MIMO system-based linear 

parameter varying model was proposed with dialysate conductivity and UF rate as 

control input to dialysis machine while keeping blood pressure as well as control inputs 

within bounds [61]. This system was tested on a small number of patients and future 

Hemocontrol

Ultrafiltration

Dialysate 
conductivity

Blood volume

Ultrafiltration

Dialysate 
conductivity

Blood volume

Ultrafiltration 
rate

Dialysate 
conductivity

To patient

Actual

Target

Actuator



 20  

studies based on implementing the designed control system in a larger population with 

repeated measure would be needed to better explain the performance of the system in 

maintaining the hemodynamic stability of patients undergoing HD. These simulation 

result shows with high accuracy and the implementation of this design could be a positive 

step toward developing new technologies capable of preventing dialysis-induced 

complications.  

Even though, blood volume biofeedback control system employed to avoid the 

risk of IDH, it is not extensively used as a direct control of blood pressure. To account for 

this, an arterial blood pressure biofeedback system was proposed with blood pressure as 

input parameter [62]. The arterial blood pressure stabilization (ABPS) measures the blood 

pressure and its trend using an automated cuff inflating pressure by oscillometric 

manometer at every 5 minutes. The proposed fuzzy logic control (FLC) allows the 

modulation of UF rate according to the blood pressure as input as shown in Figure 2.5. 

However, the system is effective in reducing IDH episodes in about 40% for hypotension 

prone patients, which could be linked to prevention of large reduction in blood volume 

[21], [62]. 

 
Figure 2.5 – Block representation of arterial pressure biofeedback system [62]. 
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of patients during the treatment [53]. The system was aimed to reduce the morbidity 

related to sodium balance impairment of patients. The study reported an insignificant 

difference between blood volume or PC controlled in the effect of sodium homeostasis 

[63]. An automatic model was then developed which allows computation of the amount 

of sodium removed during HD and makes it possible to predict the PC changes and 

plasma osmolality changes induced by the sodium concentration profile in the dialysate 

and given UF profile [64]. This model was tested in a non-controlled multi-centre study 

on 55 patients with intradialytic hypotension. The results of this study showed that 

adaptive-profiled dialysis treatment significantly improved intradialytic blood pressure, 

decreased the incidence of hypotensive events and disequilibrium symptoms compared 

with standard treatment. Also, it did not induce symptoms of sodium/water overload.  

These biofeedback control systems were designed with the intention to reduce 

the occurrence of hypotensive episodes during HD. Monitoring tools can only help in the 

early detection of complication, which can warn the dialysis staff to take necessary 

actions to stabilize the patients. However, it would be more beneficial to develop control 

systems that use these monitoring tools to automatically implement these preventive 

actions. Hence, advances in dialysis technology can help to minimize the problem of 

intradialytic hypotension to a great extent. And this strengthens the possibility of an 

effective temperature biofeedback control system to account for the problem stated. 

Furthermore, an in-depth research on technical side of HD machine and modules would 

be beneficial for improving the dialysis efficiency. 
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 Temperature control system 

Until now, there has been only one commercially available device built into a HD 

machine that was able to measure and control the body temperature and thermal 

balance of the extracorporeal circuit - Blood Temperature Monitor (BTM) by Fresenius, 

Germany [38], [57]. This control module is equipped with sensors to measure the venous 

and arterial temperature as shown in Figure 2.6. Then, the required dialysate 

temperature is calculated on the basis of results from temperature measurements, actual 

blood flow and several other constraints in order to change the temperature in the 

patient effectively. Even if the actual body temperature is disturbed by external 

disturbances not accounted for by the control system such as vasoconstriction, increased 

metabolic rate, the information provided by the actual output allows to compensate for 

such effects [19]. Thus, the control of BTM regulates the temperature of the dialysate 

using the existing heater to compensate for increase or decrease in body temperature. 

The BTM can be operated in two control modes - T-control and E-control [65]. 

 
Figure 2.6 –BTM module with temperature sensor heads [65].  

Sensor heads
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In E-control (thermoneutral) mode, it is possible to control the thermal energy 

supply to and from the extracorporeal circulation. If a neutral temperature balance is 

required, thermal energy is neither supplied nor removed. This means that the measured 

temperatures of arterial and venous end of the extracorporeal circulation should be 

identical. In order to realize this, the dialysis machine unceasingly regulates the 

temperature of dialysate to the temperature recorded by the sensors. As the arterial 

temperature increases during dialysis, it is not possible to control body temperature 

using this method. 

 
Figure 2.7 – Structure of closed loop BTM in T-control mode [19]. 

In clinical practice, thermoneutral (E-control) is generally less important than 

isothermal (T-control) with the BTM [65]. The structure of closed loop temperature 

control using T-control mode is shown in Figure 2.7. This control mode measures arterial 

line temperature continuously using sensor heads and adjusts body temperature to the 

level set by the user. Normally, the body temperature is set at the value measured at the 

beginning of dialysis. This controller uses the error signal between the desired and actual 

change in body temperature to actuate a change in dialysate temperature which changes 

the venous blood temperature returning to the patient. In addition, T-control mode 
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requires the prescription of an hourly change in body temperature (in °C/hr). This means 

that the control of constant body temperature needs to be set as ± 0.00°C/hr. This is why 

T-control mode is considered as a physiologic feedback control system since the body 

temperature is a physiologic variable. 

A number of studies have confirmed that BTM improves the hemodynamic 

stability and Table 2.1 shows a summary of studies done on this phenomenon. It can be 

seen that several studies have shown the importance of active control of body 

temperature in terms of hemodynamic stability during the treatment. In a European 

randomized trial, 95 hypotension prone patients have reported about 50% reduction in 

recurrence of hypotension episodes during HD, whereas the adequacy of HD was not 

affected [66]. Apart from reduction of complications, a recent study have reported none 

of the patients suffered from IDH with the combination of BVM and BTM control modules 

[67]. It must be emphasized that there were no cold symptoms or shivering with the 

isothermal (T-control) dialysis compared to cool dialysate settings [28]. In accordance 

with other studies, the mean thermal energy of -220kJ has been removed from the 

extracorporeal circuit in order to maintain a stable body temperature [18], [28], [68], 

[69]. While, the thermoneutral dialysis (E-control) resulted in lesser energy removal, 

which resulted in an increase in body temperature during the treatment [18], [28], [66], 

[68].  It can be seen that the active control of body temperature has the high potential to 

reduce the IDH episodes for hypotension prone patients without causing cold discomfort 

or morbidity. However, long-term and large sample size with follow up perspective 

validation are still lacking.  
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Table 2.1 – Summary of HD outcomes with the utilization of BTM. 

Study 
Number 

of 
patients 

Intervention Outcome 

Maggoire et 
al., 2002 

[66] 
95 T-control 

E-control 

T-control almost halved frequency of 
IDH compared to E-control without 
affecting dialysis efficiency. However, 
active control of body temperature 
significantly improves tolerance in 
hypotension prone patients. 

Schneditz et 
al., 2002[69] 12 T-control 

Stable body temperature maintenance 
during heat accumulation due to UF 
induced blood volume reduction. 

Van der 
Sande et al., 

2005 [18] 
13 T-control 

E-control 
Fluid removal has an effect in thermal 
variables. 

Ramos et al., 
2007 [70] 9 Fixed %$ - 36°C 

BTM - T-control 

Active control of body temperature 
increases the intradialytic tolerance in 
hypotension prone patients 

Horáček et 
al., 2007 

[68] 

 

13 T-control 
E-control 

T-control treatment has maintained 
stable body temperature compared to 
E-control. 

Van der 
Sande et al., 

2009 [28] 
14 

Individualized %$ 
(T-0.5°C) 
T-control 
E-control 

Individualized cooling reduced IDH 
episodes compared to T-control, but 
cooling resulted in cold discomfort for 
patients. 

Dhondt et 
al., 2010 

[71] 
10 

Constant %$ – 
36.3°C and 

37.6°C 
T-control 

Blood temperature remained stable 
during BTM T-control 

Cheyron et 
al., 2013 

[72] 
74 

%$ - 36°C 
BVM 

BVM and BTM 
(T-control) 

No significant impact on actively 
controlled body temperature in ICU 
patients. 

Saxena et 
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The crucial part of the body temperature control is the accurate evaluation of pre-

dialytic pathophysiological body temperature [73]. The BTM would possibly be unable to 

set the target temperature in adverse patient’s conditions such as fever, hyperthermia, 

to maintain constant body temperature. However, the dialysate temperature would 

remain within a physiological range between 35°C - 38°C. In addition, several studies have 

utilized the arterial and venous temperature sensor heads in BTM in order to monitor the 

readings for various fixed dialysate temperatures [44], [74]. This shows the importance 

of temperature sensor in HD machine as it is not currently being monitored during the 

treatment.  

Apart from body temperature control and temperature measurement, BTM 

allows to estimate the recirculation. The recirculation is caused when the purified venous 

blood passes through the fistula and re-enters the extracorporeal circulation, which 

would affect the adequacy and reducing the survival rates [75]. The recirculation is 

measured by a temperature bolus produced by the temperature change in dialysate [65]. 

With the help of bolus magnitudes of arterial and venous temperature, recirculation ratio 

was calculated. Interestingly, measurement of BTM validated the results with another 

ultrasound dilution technique with regard to recirculation [76]. 

From these literatures, it can be deduced that the control of dialysate 

temperature is vital for hemodynamic stability of HD patients. Moreover, BTM utilizes 

the instantaneous control with existing heater in the dialysate proportioning system. 

Even with superior performance, it is not well-renowned in today’s society, especially in 

developing countries. This could be due to its price and interface with other brands of HD 

machine. To account for this, studies have been emerging recently on several design of 
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dialysate proportioning methods and control methods for the benefit of body 

temperature control. A preliminary design of a dialysate proportioning system based on 

balance chamber model was proposed [77]. Through simulation, model based predictive 

control have been used to control the dialysate temperature for the proposed model and 

in-depth work is progressing. In addition, another dialysate proportioning system with 

three chambers comprises of input water collector, heater and output water collector 

was proposed for the benefit of temperature control [78]. The dialysate temperature is 

controlled with multiple sensors and actuators to result in effective dialysate 

temperature. In comparison with these two studies, dialysate proportioning methods 

have been modified, but the detailed design and processes have not been published. Yet, 

the results on the performance of this controller was lacking and could not be compared 

with BTM. In another aspect, a thermal energy model of extracorporeal circuit was 

proposed with the intention to simulate the venous and arterial temperature 

measurements by estimating thermal energy transfer [79]. The model was aimed to 

guarantee a constant core temperature during the treatment. 

From the above studies, it can be seen that the idea of active regulation of 

dialysate temperature according to the patient’s body temperature is much needed for 

our current society. Consequently, the improved design in dialysate proportioning 

system would enable the machine to actively regulate the dialysate temperature 

according to the target temperature even if there are any external disturbances during 

the treatment. Therefore, future research in the field of instantaneous dialysate 

temperature controller need to show a reduction in morbidity and mortality at the same 

time with a reduced treatment cost.  
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 Implementation of fuzzy logic controllers in medical applications 

Conventional controller will not perform well due to incomplete and imprecise 

knowledge of the system. Human brain has an imprecise way of reasoning and thus has 

a high adaptive control approach. It does not reason as computers do. Computers reason 

in a clear statement that uses true or false (0 or 1). Thus, a controller with human like 

reasoning is desired for increasing the probability of success.  This leads to the selection 

of FLC. The idea of fuzzy logic was invented by Professor L.A. Zadeh in 1965 [80]. Also, 

fuzzy logic techniques have been widely applied in all aspects in today’s society. 

A FLC is based on fuzzy logic and constitutes a way of converting a linguistic 

control strategy to an automatic one, by generating a rule base that controls the 

behaviour of the system. A basic FLC can be decomposed into four basic components: 

the fuzzification unit, knowledge base (rule base), inference engine (decision making 

unit) and defuzzification unit as shown in Figure 2.8. Fuzzification converts our crisp 

input (velocity of fluid is 2 m/s) into linguistic data (velocity of fluid is too slow). Then 

the fuzzy rule base defines some rules in the form of IF-THEN logic on the information 

provided by fuzzification. It offers flexibility in system design and implementation, since 

its implementation uses rule base instead of sophisticated differential equations. The 

inference engine provides us with appropriate coherence and analysis for an output 

simulation. Defuzzification gives us an output on the basis of defined membership 

function and rules. The technology provides room for graphical user interface which 

makes it understandable by people who do not have process control backgrounds. Also, 

this control system has the ability to automatically and smoothly adjust the priorities of 
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a number of controlled variables. These facts help to achieve a stable process for a long 

period of time without a need for intervention. 

 
Figure 2.8 – Basic structure of FLC with four basic components [81]. 

The use of Artificial Intelligence (AI) techniques has now highly increased, 

especially in the field of medicine [82], [83]. It offers to design such system that allows 

building intelligent models for both predicting patients’ response in treatment and 

determining prediction of illness risk. The use of AI techniques such as fuzzy logic, 

artificial neural network, genetic algorithms, artificial immune systems and others has 

been developed by many researchers. Fuzzy logic approach uses a logic and decision 

mechanism, which does not have certain boundaries like human logic, and it does not 

require complete model knowledge as in the other well-known control systems. The 

number of research contributions in fuzzy logic is rising daily and is growing at an 

increasing rate [84]. The fuzzy system tries to improve the daily activities of doctors and 

nurses in a hospital and also helps in diagnosis of various diseases like cancer, heart 

disease, asthma, diabetes etc. Thus, by making use of medical expert’s knowledge and 

uncertain censual data, fuzzy systems are being developed currently. 

Fuzzy logic plays an important role in some medical areas and its realization is on 

the rising trend. The use of fuzzy logic in medical field is very diverse, especially in several 

applications such as diagnosis, surgery and rehabilitation. A review study has shown the 

application of fuzzy logic in medical image processing and surgery support system [85]. 

Fuzzification Defuzzification

Rule base

Inference engineInput Output
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The analysis of the results indicated the controller performance in fuzzy provides more 

economical, comfortable, reliable and consistent implementation than traditional 

control systems. Recent studies have reported on the combination of FLC with other 

control methods such as sliding control and PID control were proposed for the robotic 

surgery applications [86], [87]. The experimental results of FLC have improved the 

performance in terms of error and overshoot with a great surgical safety, when compared 

to conventional control methods. In addition, multiple simulation studies have reported 

on FLC on robotic surgery models, emphasizing on the potential for medical applications 

for the future [88], [89]. Apart from robotic surgery application, fuzzy logic designs have 

been proposed for the control of certain biomedical equipment such as ventilator, 

controlling of anaesthesia during operation and pacemaker system in order to improve 

the patient’s quality of life [90]–[92]. However, majority of fuzzy logic applications were 

in the field of disease diagnosis, which provided a solution to enhance the accuracy and 

precision of medical diagnosis [83], [93], [94]. The results showed a possibility to design 

more advance diagnosis system to help in the area like drugs prescription, disease 

diagnosis etc. especially for under-developed countries. Even though fuzzy logic was 

introduced in 1960s, yet the realization of fuzzy logic is far from over in the current 

society. 

The fuzzy logic shows the possibility to implement a control system in favour for 

the kidney patients. A fuzzy logic model was proposed for the kidney transplantation 

patients [95]. This model showed a better accuracy and raised confidence of medical 

doctors for transplantation. Another fuzzy logic diagnosis system to evaluate the 

arteriovenous shunt stenosis for HD patents has found a greater efficiency in finding 

degree of stenosis [96]. Furthermore, recent multiple studies from the same author 
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published on the development of FLC in peristaltic pump [97]–[99]. Studies have 

proposed various types of fuzzy logic design with the intention to improve the patient 

treatment quality. This was achieved by considering the overall system fluid balance 

through an accurate control of peristaltic pumps. Studies are progressing in order to 

evaluate and validate the promising controller using a real HD machine [97]. 

In terms of hemodynamic stability of HD patients, a FLC system utilizing blood 

pressure and UF rate as control variables was implemented for automatic blood pressure 

stabilization (ABPS) system [62]. Several tests have been carried out and it showed a 

remarkable decrease in hypotension episodes nearly by 40%. Another fuzzy controller 

was proposed for HD machine in order to maintain hemodynamic stability during the 

treatment [100]. This proposed system uses MIMO fuzzy controller and the results of 

simulations illustrate that it can improve the stability of a patient’s hemodynamic 

condition. Yet, the realization of this simulation is much needed for this generation. Also, 

fuzzy control showed us a potential not only for diagnosis but also for controlling the 

hemodynamic stability of the dialysis patients. Hence, more research on the fuzzy 

implementation on HD machine would benefit the dialysis patients in many ways. 
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Chapter -3 

3 DESIGN AND METHODOLOGY 

 

This chapter describes the design and methodology of the research study and 

prototype development. The research design adopted is a combination of descriptive and 

experimental research design. This means, the research describes the problem of heat 

transfer during HD rather than focusing on the reason behind the heat transfer. While, 

the experimental research design was utilized for the development and validation to 

account to the problem. The study consists of approach to the problem, prototype design 

and development while a rigor investigation to test the hypothesis were applied. The 

proposed research consists of sequential process as shown in Figure 3.1. The dotted line 

denotes the troubleshooting process. The chapter covers the sections explaining the 

hypothesis, simulation analysis, design concept, prototype development and assembly, 

modelling, testing and evaluation.  
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Figure 3.1 - Iterative design phases of dialysate temperature control module (DTCM) 

 Problem statement & hypothesis 

The initial phase of the research consists of literature reviews and accounts of 

previous researches to determine the advancements in hemodialysis (HD) machine 

technology. Precisely, the characteristics of HD machine controllers and identify the key 

1.	Problem	statement	
&	hypothesis

2.	Investigation	of	dialyzer	
heat	transfer	through	

simulation

3.	Simulation	 analysis

5.	Design	concept

6.	Prototype	
development

4.	Modelling	 thermal	
energy	balance	of	
extracorporeal	
circulation

6.1.	Hardware 6.2.	Software

7.	Subsystem	performance	&	
interfacing

7.1.	Phase	1 7.2.	Phase	2

8.	Prototype	construction	&	
assembly

9.	Testing	& analysis

10.	Evaluation



 34  

parameters and techniques to improve its treatment efficiency. A review of control 

system in medical applications and its implementation were also carried out in order to 

develop a cost-effective prototype. The important points concerning overall 

development of a prototype were based on certain parameters such as being cost-

effective, modular design, improved efficiency, reduced complication, individualized 

control. This method employs to clarify the theoretical meaning of the findings and 

hypothesis development for further studies.  

Based on literature review, the ultimate goal of this research is to develop an 

individualized dialysate temperature control module for HD machine at the appropriate 

percent contribution of the mentioned qualities of a prototype. This would enable the 

machine to control the body core temperature efficiently, leading to a better patient’s 

quality of life with negligible complications during the treatment. 

 Investigation of dialyzer heat transfer through simulation 

In this section, the effect of heat transfer taking place between blood and 

dialysate in a dialyzer were investigated with an aid of simulation. Even though, there are 

significant number of simulation studies based on dialyzer design, clearance, flow 

distribution and other performance parameters, yet a detailed analysis on the heat 

transfer through dialyzer membrane remains unclear [101]–[103]. Therefore, COMSOL 

MultiphysicsÒ 5.0 was used for developing and simulating the model of a dialyzer 

membrane. COMSOL MultiphysicsÒ is a finite element method for the modelling and 

simulation software for various engineering applications particularly when there are 

different physical phenomena linked together in a single process. 
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A high-flux dialyzer membrane namely PolyfluxÔ 210H (Gambro, Hechingen, 

Germany) was investigated using COMSOL MultiphysicsÒ. The external housing contains 

a bundle of approx. 12000 hollow fibers with each fiber measures 270mm in length as 

shown in Figure 3.2. It has an overall surface area of 2.1m2. The inner diameter of the 

fiber is 200µm with a wall thickness of 45µm. The material of fibers is Polyamix which is 

a blend of polyarylethersulfone, polyvinylpyrrolidone, and polyamide. Then, the 

membrane was modelled by following the dimensions of actual PolyfluxÔ 210H 

membrane [104], [105]. The detailed modelling technique is mentioned in Chapter 4.  

 

Figure 3.2 - (a) An overall structure of PolyfluxÔ 210H dialyzer and (b) cross sectional view of 

bundled hollow fibers inside the housing.  

 Simulation analysis 

The heat transfer taking place between blood and dialysate through dialyzer 

membrane was analysed using COMSOL MultiphysicsÒ post-processing tools. In other 

words, the temperature profile of blood and dialysate at the both ends of dialyzer were 

examined under various conditions. Primarily, the effect of various physiological 

dialysate temperatures, blood temperatures, blood flow rates, and dialysate flow rates 

(a)

(b)



 36  

were studied. In order to solve this model, a stationary study which implies COMSOL 

MultiphysicsÒ will use a stationary solver to compute the solution. In certain analysis, the 

parametric sweep tool was used to repeat simulations for a variety of different values of 

physiological parameters. Subsequently, the analysis would identify the heat loss/gain 

during HD and demonstrate the need for body temperature control. In addition, the 

temperature profile through dialyzer would benefit the thermal energy balance 

modelling in HD extracorporeal circuit. This method is employed to investigate the heat 

transfer in dialyzer and the early design concept development. 

 Modelling thermal energy balance of extracorporeal circulation 

In addition to the heat transfer in dialyzer, the extracorporeal circulation in HD is 

also expected to affect the thermal energy loss due to certain factors such as ambient 

temperature, tubing material, length of tubing, and so on. Therefore, it is necessary to 

consider the extracorporeal thermal energy transfer along with heat transfer in dialyzer 

to design an overall thermal energy transfer model for extracorporeal circulation. This 

method allows to estimate the venous and arterial temperature during the process. As 

this study emphasizes on the in-vitro evaluation of temperature control, the blood side 

temperatures can be predicted based on various dialysate temperatures.  

Figure 3.3 illustrates the mechanism of thermal energy transfer in HD 

extracorporeal circulation. The thermal energy transfer between the patient and HD 

system was modelled using energy conservation equation and bio-heat transfer equation 

as mentioned in a recent study [106]. Subsequently, the energy transfer was analysed in 

three different sections; that being the arterial side, dialyzer and venous side. The arterial 

and venous side energy transfer were analysed using the proposed model, while dialyzer 
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energy transfer was based on COMSOL simulation study. The combination of the three 

sections determines the overall thermal energy transfer in extracorporeal circuit, which 

is justified briefly in section 6.2. Thereby, arterial and venous temperature profile can be 

evaluated for various physiological tests to evaluate the dialysate temperature controller 

module (DTCM). 

 
Figure 3.3 – Thermal energy transfer between patient and HD system 

 Design concept 

The design concept is considered as an initial activity that generates a 

‘materialised’ solution for a ‘functional’ problem. Thus, evolution of designs was analysed 

in terms of logic, thinking and reasoning in order to achieve the target, which shows that 

designing is a non-deterministic process. Decisively, an initial conceptual model of DTCM 

has been proposed with the intention to develop an effective temperature controller. 

The proposed model consists of two dialysate tanks at constant temperature of 

35°C and 37°C has been proposed as shown in Figure 3.4. As the dialysate temperature 

range is narrow (35°C - 37°C), the efficient way to control the temperature is by varying 

the flow rates using peristaltic pumps. Contrary, the control of temperature can also be 
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made possible by implementing heating elements through the tubing, which would be 

ineffective in active regulation. However, the design concept is similar to the concept of 

heat exchanger with two different inlet temperatures, response time and accuracy of 

fluid temperature was found to be superior compared to control using heating elements 

[107]–[109]. Hence, the control of peristaltic pumps by varying flow rates would be 

superior to conventional heaters for this application. Additionally, the proposed model 

was designed as an external module that can interface in existing HD machines. 

Therefore, the required dialysate temperature can be achieved using a robust controller, 

which controls body temperature in HD by actively regulating the two dialysate flow rates 

effectively. 

 
Figure 3.4 - Proposed design concept of DTCM 

 Prototype development 

In this section, the proposed design concept has been applied for the 

development of DTCM prototype. Later, prototype would help to get an “actual feel” of 
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the system and a better understanding of desired system requirements. This method 

involves the expert knowledge from the dialysis industry for essential understanding on 

existing dialysis machine technology. The necessary information about dialysate 

proportioning method and the technical aspects of existing hemodialysis machines were 

provided by the leading healthcare industry – Baxter Healthcare (Malaysia) Sdn Bhd. Such 

training influences on the modification of dialysate proportioning methods for the 

benefit of individualized temperature control as shown in Figure 3.5. However, this is to 

develop an initial prototype with a novel temperature control method in a dialysate 

proportioning system without considering certain processes such as mixing of salts, 

dialysate conductivity, pH value of dialysate, water deaeration etc. In contrary, the 

inclusion of certain processes in the DTCM module increases the complexity as it would 

be difficult to monitor the dialysate parameters such as flow rate, conductivity, pressure, 

etc., along with the blood side parameters. Therefore, the fresh dialysate fluid will enter 

to the proposed prototype only after several stages of preparation. This would reduce 

the dialysate heat loss as it will flow directly to dialyzer without the need for other 

processes. 
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Figure 3.5 - Overview of a Baxter’s dialysate circuit including proposed DTCM. 

The DTCM prototype comprises of two phases of development as shown in Figure 

3.5. The initial temperature of dialysate before heating is approximately 30°C as it passes 

through a heat exchanger. Although, both temperatures of tank were revised to 36°C and 

38°C respectively by considering the heat loss along the tubing. Thus, the development 

of Phase 1 allows the dialysate to increase its temperature up to 6°C and 8°C using heater 

and stores in respective tanks. This is followed by Phase 2, that alters the flow rates of 

two temperatures to achieve the desired temperature.  

A prototype development consists of two major elements - hardware and 

software developments. The hardware development explains the detailed design 

including component selection and design overview. While, the software development 

explains the framework that is used to develop a prototype to control the temperature. 

In the following sections, the hardware and software elements implemented in the 

development of the prototype will be detailed. 
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3.6.1 Hardware 

This section involves the detailed structure of prototype and hardware elements 

used in obtaining the optimal performance of dialysate temperature controller according 

to the HD parameter requirements. The prototype development was based on a number 

of open source hardware, so that the cost of building the system could be kept low. The 

hardware elements such as microcontrollers, sensors and actuators for phase 1 and 2 are 

explained in the following sections. 

3.6.1.1 Phase 1 

In this section, the structure of this model is composed of five major components, 

which are Arduino UNO R3, heater, pump, float switch and temperature sensor as shown 

in Figure 3.6.  

 
Figure 3.6 – Hardware architecture of prototype for phase 1. 

Arduino UNO R3 

Arduino UNO plays a major role in controlling sensors and actuators in phase 1 

prototype development. This microcontroller is very common for its simplicity, low cost 
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and open source prototyping platform. The significant features of this microcontroller 

include six analogue inputs, 14 digital I/O pins, 3.3V and 5V power supply ports. Arduino 

UNO communicates with the host computer through serial communication with USB. It 

can be easily programmed using C language using their Arduino IDE programming 

environment.  

Pump 

In this phase, two pumps are used to transfer dialysate fluid from its 

proportioning stages to respective heated storage tanks. The pump has an outlet and 

inlet with a 6mm diameter which allows the required flow for the system. The fluid flows 

at constant flow rate of 250 ml/min and then stores in the respective tanks. It requires 

5V DC supply and low starting current. Moreover, the pump’s motor runs at very low 

noise. Figure 3.7 shows the image of the pump used in this prototype. 

 
Figure 3.7 – Image of DC pump used. 

Heater 

Dialysate temperature controller prototype has two heaters to increase the 

temperatures up to 6°C and 8°C. The flow through heater type was chosen, which heats 

up the moving fluid through its tubing. This type of heater is prominent in HD machine 

due to its efficiency in providing heat that regulates the liquid temperature. Thus, flow 
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through heaters for this prototype were constructed using Kanthal A1 resistance wire 

and glass tube. Kanthal A1 wire was used to coil around both glass tubes at different 

resistances to be heated by using DC power supply. The 24 AWG Kanthal A1 wire was 

chosen, which has resistance of 0.0071 W/mm. In addition, the wire was twisted in order 

to supply more current and thereby more power output. The resistance and power for 

both heaters were tabulated in Table 3.1.  

Table 3.1 – Kanthal A1 wire specification for heaters 

Characteristics Heater 1 (38°C) Heater 2 (36°C) 

Total wire length (mm) 910 735 

Total resistance (W) 6.46 5.22 

Maximum Voltage (V) 31.5 31.7 

Maximum Power output (W) 154 192 

The heaters were isolated with a layer of polyamide tape and Teflon tape. This 

would help to withstand temperatures and provides insulation. Figure 3.8 shows the 

image of flow though heater used in this prototype.  

 
Figure 3.8 – Image of flow through heater with connecting terminals. 

 

Connecting terminals 
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Temperature sensor 

Temperature sensors were used to sense the temperature of fluid in the storage 

tanks. The DS18B20 temperature sensor from Maxim integrated was chosen due to its 

high accuracy and waterproof. It communicates over a 1-wire bus, which requires only 

data line for communication with a central microcontroller even when there are multiple 

DS18B20 temperature sensors. In addition, it can able to convert the temperature to 12-

bit digital measurements in 750ms, which implies fast response time. Figure 3.9 shows 

the image of waterproof DS18B20 temperature sensor used in this prototype. 

 
Figure 3.9 – Image of DS18B20 temperature sensor used. 

Float switch 

In this phase, float switch is used to detect the dialysate fluid level in the storage 

tank. This is to prevent the overflowing of dialysate fluid by sending a signal to a 

microcontroller when it reaches a specified level. The float switch contains hermetical 

sealed reed switch in the stem and a permanent magnet in the float as shown in Figure 

3.10. It utilizes a magnetic reed switch to open or close the circuit. Therefore, the signal 

from float switch can be utilized for control of pumps.  
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Figure 3.10 – Image of float switch used. 

3.6.1.2 Phase 2 

In this section, the structure of this model composed of four major components, 

which are Raspberry Pi 3, stepper driver, peristaltic pump, and temperature sensor as 

shown in Figure 3.11. 

 
Figure 3.11 – Hardware architecture of prototype for phase 2. 

Raspberry Pi 3 

Raspberry Pi 3 basically acts as a brain of dialysate temperature controller 

prototype to regulate the dialysate temperature. Raspberry Pi 3 Model B was chosen as 

a microcontroller due to its high processing power and peripheral interface. It is a credit 

card size single board computer with an ARM processor developed by a non-profit 
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Raspberry Pi Foundation. Raspberry Pi is proven to be exceptionally popular, especially 

in the field of robotics, Internet of Things (IoT) etc [110], [111]. It includes 40 GPIO 

(General Purpose Input / Output) pins for attaching peripherals, USB, HDMI video, stereo 

audio output, wireless LAN, Bluetooth, micro USB (for powering up) etc., connectors in 

the board. In addition, it provides Ethernet connectivity, which is able to communicate 

with the host computer effectively. 

Low pass filter and Pulse generator 

The low pass filter and pulse generator helps to interface the stepper driver and 

Raspberry Pi effectively. However, Raspberry Pi 3 does not generate high frequency 

pulses and it does not provide 5V logic level as required by stepper driver. So, due to the 

hardware limitations of Raspberry Pi, a low pass filter was used to convert the Pulse width 

modulation (PWM) signal into an analogue DC signal. Thereby, DC signal was then 

converted into high frequency pulses, which is sufficient for the stepper driver. An 

Arduino Mega 2560 was used for this purpose, which means acquiring the DC signal and 

then converts the appropriate frequency pulse for the driver.  

Stepper driver 

Stepper driver plays a major role in the stepper motor performance. It helps to 

energize the motor phases in a timely sequence to make the motor run. The DM422C 

stepper driver from Leadshine Technology Co., Ltd, China was chosen to drive the 

peristaltic pump as shown in Figure 3.12. It offers an excellent system smoothness, 

providing optimum torque and nulls mid-range instability. In this case, the driver supplies 

constant 1.9A to the motor with micro stepping resolution of 1600 pulse/revolution. As 
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the temperature controller prototype depends on pump’s flow rate, the unique features 

of the driver provide an ideal solution for low-speed smoothness of stepper motor.  

 
Figure 3.12 – Image of DM422C stepper driver used. 

Peristaltic pump 

In HD machine, blood, dialysate and other fluids flow are maintained by Peristaltic 

pump [98], [112]. Thus, peristaltic pump from Nanjing Runze Fluid Control Equipment Co 

Ltd., China was used to transfer the dialysate from storage tanks to dialyzer in the 

prototype. It utilizes 2 phase bipolar stepper motor to drive the pump. The stepper motor 

was chosen due to its excellent speed control and accuracy. The NEMA 23 size stepper 

motor has 1.8° step angle, while each phase draws 2.35A at 4V allowing for a holding 

torque of 2.244Nm. The shaft of stepper motor attaches to the pump head, where they 

revolve the rotor with 6 rollers. These rollers press the flexible tube to the manifold 

where the pump is placed; hence it creates pressure inside the tube. The pressure will 

push the fluid further in the tube system, when one of rollers leaves the manifold. In this 

way, the dialysate doesn’t get in contact with the pump, which denotes lowers the 

chance of contamination. Figure 3.13 and 3.14 shows the image of peristaltic pump used 

in this prototype. 
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Figure 3.13 – Side view of peristaltic pump consisting of (1) pump head, (2) coupler and (3) 

stepper motor. 

 

Figure 3.14 – Front view of peristaltic pump with (a) pump head open position and (b) pump 

head close position. 

Temperature sensor 

In this phase, the temperature sensor was used to sense the final dialysate 

temperature before entering to dialyzer. The DS18B20 temperature was chosen as 

described in section 3.6.1.1.  

 

 

(a) (b) 

(1) 

(2) 
(3) 
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Tubing and connectors 

In this prototype, fluids were transported to several stages using flexible PVC 

tubing. The flexible PVC tubing were designed to meet properties like UV Stability, cold 

flexing up to -40°C, heat stability up to 105°C service temperature, Abrasion Resistance, 

etc. However, the tube dimension of 6mm ID x 8mm OD were chosen to provide uniform 

flow of fluid. In the final section of prototype, the two temperature dialysate fluids were 

mixed and joined using a Y-shape connector as shown in Figure 3.15. 

 
Figure 3.15 – Y-shaped connector used. 

3.6.2 Software 

In this section, a detailed software architecture and its methods used to interface 

the hardware components are detailed. The software development is also divided into 

two phases – Phase 1 and Phase 2. 

3.6.2.1 Phase 1 

This section provides the interfacing of hardware components with Arduino UNO 

microcontroller to regulate the constant temperature fluids in storage tanks. As 
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mentioned in section 3.6, two separate heaters need to be controlled to set the 

temperatures at 36°C and 38°C respectively. Accordingly, two concurrent process design 

approach chosen to perform this task. In other words, both heater circuits perform tasks 

separately at the same time. Therefore, PID controller was implemented on the Arduino 

UNO microcontroller in order to control the fluid temperature at the specified setpoints 

as shown in Figure 3.16. It gathers the temperature values of both storage tanks to 

properly drive the flow through heaters respectively. The microcontroller initializes the 

value of the PID parameters (Kp, Ki, Kd) and the desired temperature setpoints. After 

computing the error between the desired and the actual temperature, the controller 

modulates the current to the heaters by means of PWM with a suitable duty cycle. Hence, 

the controller runs through the PID loop every 1 second of time interval, which also 

implies the controller’s performance. In addition, the pump runs at constant flow rate 

until it has reached the designated level in storage tank. The overall software flow 

diagram of the Phase 1 process is shown in Figure 3.17.  

 
Figure 3.16 - Block diagram of the PID controller feedback loop 

As the heater dynamics and setpoints doesn’t change over time, the low-level 

control mechanism is sufficient to achieve optimal control of this system [113]. Whereas, 

PID controllers are widely used as low-level controllers used today. The PID control 

parameters have been chosen using a closed-loop tuning method manually adjusted with 

a trial and error procedure keeping constant two parameters and varying the remaining 

PID Heater

Temperature	
sensor

Tactual

*Tdesired Error	=	Tdesired	 - Tactual+
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one until specification on overshoot and settling time were reached on all range of 

interest. 

 
Figure 3.17 – Software flow chart of Phase 1 development. 

The Arduino Integrated Design Environment (IDE) is an open-source Arduino 

environment, which makes it easy to program and upload it to the development boards. 

It is the most common programming approach for Arduino boards, which utilizes the C 

programming language. Moreover, it provides an access to an enormous open-source 

Arduino library, which enables to interface several sensors, control methods, 

communication easily. Thereby, a PID library was used to compute the PID controller 

parameters.  
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The Serial Monitor from Arduino IDE provides limited functions for data 

acquisition and analysis from the microcontroller. Also, the analysis on different 

controller parameters in different graphs are lacking during run time. Therefore, a third-

party software Megunolink Pro was chosen to interfere with Arduino UNO for more 

advanced data acquisition and analysis. In addition, it provides customizable interface 

toolboxes for data plotting, control and monitoring the project parameters [114]. In this 

phase, the PID parameters (Kp, Ki, Kd) and temperature setpoints were designed as inputs 

in user-interface, which helps to tune the PID control during run-time. In addition, the 

monitoring variables such as temperatures, errors and outputs for both heaters were 

plotted in different graphs simultaneously. The software connects Arduino IDE through 

Megunolink library, which helps to send or receive data to the Arduino UNO.  Figure 3.18 

shows the graphical user-interface and graphs layout from Megunolink. 

 
Figure 3.18 – Graphical User interface for Phase 1 PID temperature controller using Megunolink 

Pro. 
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3.6.2.2 Phase 2 

This section comprises the most vital part in the development of DTCM. It explains 

the software architecture of interfacing and control mechanism of peristaltic pumps and 

temperature sensor with Raspberry Pi. In this prototype, the accuracy of dialysate flow 

rates strongly defines the dialysate and body temperature. Therefore, a high-level 

control mechanism namely fuzzy logic control (FLC) with feedback was chosen to control 

the peristaltic pumps. Moreover, this prototype requires controller qualities such as 

quicker response to disturbances with minimal undershoot and overshoot when the 

setpoint changes. As a result, FLC was found to be the most suitable controller for this 

application due to its decision-making capabilities. 

In this phase, FLC was designed to control the dialysate temperature according to 

the target temperature. The FLC modulates the PWM with an appropriate duty cycle for 

the actuators by calculating the error between the target and the actual temperature and 

also the change in error. However, the controller runs this cycle at regular intervals in 

order to maintain the temperature at the setpoint. The evolution of FLC design is 

explained in Chapter 5. Due to the limitations of the stepper motor to drive using PWM 

pulses, the signal was converted to DC signal and then to variable frequency pulses. 

Hence, Arduino IDE was used for this purpose, which acquires analogue DC signals from 

PWM pulses and then mapped to respective variable square pulses. The in-built timer 

functions were used to generate variable square pulses to drive the peristaltic pumps. 

The overall software flow diagram of the Phase 2 process is shown in Figure 3.19.  
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Figure 3.19 – Software flow chart for Phase 2 development. 

The overall DTCM software was designed using MATLAB/Simulink environment. 

While the proposed FLC was designed using Fuzzy Logic Toolbox, which is a collection of 

functions in the MATLAB. It provides a tool to design fuzzy inference systems with the 

help of in-built graphical user interface (GUI) and also to integrate the fuzzy systems into 

simulations with Simulink seamlessly. This includes the definition of fuzzy inputs, outputs, 

membership functions, rule base and fuzzy inference engine properties for the FLC design 

process. The overall model was formed using several block diagrams, corresponding 
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MATLAB functions and parameters. Similarly, the MATLAB functions were used to read 

the temperature from the sensors using 1-wire communication bus. Moreover, 

additional Simulink blocks for Raspberry Pi provide the access to its I/O ports, which also 

enables to send PWM signals to the controller. Simulink provides the environment to 

deploy it to hardware directly by defining its unique IP address. It also enables to run it 

in external mode, which allows to communicate with host computer and target hardware 

during run-time. This makes the FLC implementation effective using its Simulink block.  

 Subsystem performance and interfacing 

The performance and interfacing of input/output subsystem plays a vital role in 

defining the overall system performance. The ability of performance evaluation method 

is to identify good design potentials in terms of accuracy, usefulness and workload 

tolerance. In this study, interfacing the proposed components such as sensors and 

actuators with the microcontroller and individual performances were assessed. In 

addition, the input/output subsystems were calibrated without compromising on 

accuracy. This would eventually reduce the troubleshooting process before assembling 

the complete prototype.  

This method enables to analyse and verify the subsystem performance 

individually according to the system requirements. The performance evaluation and 

interfacing method of subsystems in Phase 1 and Phase 2 are explained in the following 

sections. 

3.7.1 Phase 1  

Initially, the components such as heaters, float switches, pumps and temperature 

sensors were tested individually by interfacing the microcontroller. This method is to test 
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the functionality according to the prototype requirements. In addition, it would help to 

calibrate the temperature sensors with the known digital thermometer at different 

temperatures ranging from 20°C to 40°C. Similarly, the speed of pumps was calibrated 

with the known water rotameters. The range was chosen according to nominal dialysis 

parameter values. 

The overall functionality of the Phase 1 subsystem was then verified by interfacing 

the components with Arduino UNO. One of the most vital performance evaluations of 

this phase is to evaluate the PID temperature control of two storage tanks. The PID 

parameters were varied by trial and error method to achieve the optimum result. Even 

though, there are many PID tuning methods, trial and error method is easy and effective 

way for applications without a mathematical model [115]. This method allows to tune 

the parameters while the system is working. When a PID controller is tuned optimally, 

the system responds to disturbances and reaches setpoint with minimal overshoot. 

However, the performance of PID temperature control was monitored using the GUI 

created in Megunolink Pro software. Additionally, float-switches mechanisms were 

tested in order to prevent the fluid teeming from the storage tanks. Therefore, various 

tests in different scenarios such as varying tank level, ambient temperature, initial 

temperature etc., have been performed to analyse its efficiency and repeatability. The 

detailed performance evaluation is discussed in section 6.4.1. 

3.7.2 Phase 2 

At the initial stage, the peristaltic pumps were tested separately by interfacing 

with stepper motor driver and microcontroller. Additionally, the temperature sensors 

were interfaced with Raspberry Pi. This would enable to evaluate the individual 
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performance according to the prototype specification. However, the temperature 

sensors and flow rate of peristaltic pumps were calibrated using similar method 

mentioned in section 3.7.1. The stepper motor driver was tuned for certain parameters 

such as driving current, micro steps etc., to drive the peristaltic pump efficiently.  

The most important performance evaluation of this phase is to optimize the fuzzy 

parameters and analyse the controlling actions of peristaltic pumps. This method 

demonstrates the efficiency of a controller alone in real-time implementation. However, 

the FLC performance mainly depends on certain fuzzy parameters such as fuzzy inference 

engine, fuzzy rule base and membership functions. Therefore, a simplified design of 

temperature controller based on DTCM design concept was created in order to optimize 

the fuzzy logic design. Furthermore, numerous fuzzy logic designs were created by 

varying the fuzzy parameters for input and output of the prototype. As a result, the 

temperature responses were examined in terms of accuracy and the time response 

incorporating with its computational performance. The computational performance was 

analysed during the execution time in Simulink and it was found to be identical 

throughout the experiments without any noticeable delay. The detailed optimization of 

fuzzy logic design for DTCM is explained in Chapter 5. Hence, the optimized fuzzy logic 

design can be used for testing and validation of DTCM prototype. 

 Prototype construction and assembly 

In this section, the circuits of phase 1 and 2 were assembled in order to evaluate 

the overall performance of the prototype. Figure 3.20 shows the design of cart that 

resembles the initial version of DTCM prototype. The PID and FLC circuits were enclosed 

in a user-designed cart which can be easily interfaced to existing HD machines. The cart 
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consists of two sections; upper section consists of electrical circuits, while the lower 

section consists of transport of fluids, heater and storage tanks. The initial tank imitates 

the final dialysate after preparation flows at a temperature of approx. 30°C. Whereas the 

final tank represents the dialysate, which eventually goes through the dialyzer after the 

individualized temperature control. Therefore, the initial tank and final tank were placed 

to analyse the temperature data for the in-vitro experiments and these tanks can be 

disconnected when HD connects to DTCM. In addition, the cart was designed to give 

importance to certain elements such as accessibility, portability, cost-effectiveness and, 

safety. Since, the module could interface by connecting the fresh dialysate from HD and 

temperature-controlled dialysate to dialyzer, the DTCM module would be accessible and 

portable. This in turn avoids additional expense of another HD machine with active 

temperature control. In terms of safety, DTCM does not become contact with blood and 

able to maintain within permissible limits (35°C - 38°C) [65]. 

 
Figure 3.20 – Illustration of DTCM prototype design comprising of PID and fuzzy control. 
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 Testing & validation 

This section emphasizes on the evaluation of system capability and functionality 

of DTCM prototype. The prototype testing was performed to examine the body 

temperature trend under various physiological and machine conditions. These various 

conditions were based on patient’s core temperature, variation in arterial temperature, 

recirculation, blood flow rate, dialysate flow rate, and ambient temperature. This method 

enables the prototype to validate the controller performance in terms of accuracy, 

repeatability, easy to interface, and individualized control adapting to patient’s 

condition.  

A model based approach was adopted to verify the DTCM prototype. In certain 

conditions such as target body temperature, variation of arterial temperature and 

recirculation were initialized in Simulink environment. While other conditions depending 

on thermal energy balance model, the model parameters were then updated and 

initialized in Simulink for DTCM analysis. This would allow to monitor the effect of body 

temperature with an active regulation of dialysate temperature. 

 Evaluation 

This method involves in assessing the prototype performance, validation results 

and then verifies with the proposed objectives. Subsequently, this would affirm the 

development of DTCM prototype according to the hypothesis. 
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Chapter - 4 

4 INVESTIGATION ON HEAT TRANSFER IN A 
DIALYZER MEMBRANE MODEL FOR THE 

DEVELOPMENT OF DIALYSATE TEMPERATURE 
CONTROLLER MODULE 

 

4.1 Introduction 

The patient’s thermal instability plays an important role in the onset of 

hypotension, which shows that a slight fluctuation in body temperature is sufficient to 

cause life threatening complications [33]. The heat transfer taking place in extracorporeal 

circuit is considered as one of the factors that are responsible for change in body 

temperature. According to medical trials, a long term study showed that the highest 

mortality was observed in patients whose post-dialysis body temperature increased or 

decreased, irrespective of baseline body temperature [15]. The most common practices 

to control body temperature is to alter the dialysate temperature in extracorporeal 

circuit, which was first described by Maggiore et al. in the 1980’s [30]. Several studies 

have revealed a remarkable improvement on the hemodynamic stability compared to 

traditional settings by altering the dialysate temperature [28], [35], [40]. Yet, more 

research is required to define the precise temperature at which maximum benefit is 

achieved without any complications. Thereby, the feedback control of dialysate 

temperature is vital for preserving patient’s hemodynamic stability. 
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In addition to the transport of toxins and fluids, there is also heat exchange taking 

place between blood and dialysate in the dialyzer. Anticipating heat loss from the blood 

lines to the environment, the analysis of heat transfer in dialyzer need to be considered 

for the development of an effective temperature controller. Mathematical and 

computational models of dialyzer models may help to investigate the heat transfer and 

how other conditions affect the blood temperature differences, while at the same time 

reducing time consuming and expensive experiments. In the last few years, numerous 

computational models of dialyzer have been proposed to describe the transport 

phenomena of solutes in dialyzer. Until now, majority of the models emphasizes on the 

solute removal performance by analysing flow behaviour of blood and dialysate across 

the porous membrane [101], [102] and other design concepts of hollow fiber bundle 

[103], [116], [117]. Only a few of these numerical models have been used to validate and 

compare the flow behaviour with the experimental study [118], [119]. Over these years, 

these models have improved from one dimensional to three-dimensional study with 

minimal assumptions in blood and dialysate flow behaviour, which assisted to optimize 

the dialyzer design. However, to the best of the authors’ knowledge, a detailed analysis 

on the influence of the heat transfer in dialyzer has yet to be reported. This hinders to 

identify the cause of heat loss/gain during HD and makes it difficult to optimize dialysate 

temperature controller design, which is the focus of our current research. 

Apart from the heat exchange in dialyzer, there is also thermal energy balance, 

which is affected in extracorporeal circuit consisting of arterial and venous blood lines 

due to certain factors such as environmental temperature, tubing material, blood flow 

rate etc. A study has proposed a thermal energy model of extracorporeal circuit with the 

intention to estimate the overall thermal exchange to guarantee the stable patient core 
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temperature during the treatment [79]. However, the heat transfer in dialyzer is vital for 

determining overall thermal energy model due to the diffusion of blood and dialysate at 

different temperatures.  

In this simulation, a single fiber of a dialyzer membrane namely Polyflux 210H was 

investigated using COMSOL Multiphysics® software. The primary aim is to investigate the 

effect of heat transfer taking place in dialyzer under various circumstances. In addition, 

the heat transfer relation in a dialyzer can be considered for modelling an overall heat 

transfer model of extracorporeal circuit, which enables to estimate the venous 

temperature for in-vitro analysis of DTCM prototype development. 

4.2 Simulation methodology 

An overview of a multi-layered dialyzer membrane namely Polyflux 210H 

(Gambro, Hechingen, Germany) is shown in Figure 4.1. The external housing contains a 

bundle of approx. 12000 hollow fibers and it is assumed that the fibers are uniformly 

spaced and arranged for this study. In this work, the heat transfer taking place in a 

dialyzer was investigated numerically with the commercially available COMSOL 

Multiphysics software. The membrane was modelled by following the dimensions of 

actual Polyflux 210H membrane [104], [105]. The basic assumptions of this model are 

axial symmetry, fully developed laminar flow in the blood and dialysate compartment, 

transport of momentum and mass occurs in 2D, incompressible fluid, Newtonian fluids, 

isotropic porous membrane consisting of three different layers, strongly diluted solutes 

and null ultrafiltration. The blood was considered as Newtonian fluid with the assumption 

of high shear rate through the membrane.  
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Figure 4.1 - Evolution of Polyflux 210H dialyzer membrane from actual dialyzer to a simulation 

model comprising of (a) overview of actual dialyzer, (b) bundle of hollow fibers packed inside the 

housing, (c) cross sectional view of hollow fiber in a dialyzer and (d) 2D geometrical model of 

single fiber membrane. 

In this model, only one layer of membrane has been considered to ease the 

computation and the heat transfer across the layers is assumed to be negligible. 

Nonetheless, all other dimensions of geometry were created according to Polyflux 210H 

membrane. The width of path for dialysate flow was calculated using the following 

equation 4.1 [120], 

 & =	()*+ ,-
.

2√3∅
− 15 (4.1) 

where, & is the width of path for dialysate flow, ∅ is the fiber packing density of 

Polyflux 210H dialyzer i.e., 45% and ()*+  is the outer radius of the fiber (m). The blood 

flows through the fibers while the dialysate flows over the membranes in a counter-

current manner. The geometry of a dialyzer membrane was then created as shown in 

Figure 4.2. 
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Figure 4.2 – Dialyzer membrane model showing blood, membrane and dialysate domain and 

other boundaries. 

The types of physics applied for this study were The Heat Transfer in Fluids and 

Porous Media. The Heat Transfer in Fluids interface was used for both blood and dialysate 

flow. Likewise, The Heat Transfer in Porous Media was used for the dialyzer membrane. 

The material properties required for the physics were then added. The properties of 

blood such as density, thermal conductivity and heat capacity at constant pressure are 

shown in Table 4.1, while the dialysate uses the pre-defined properties of water. It was a 

challenging task to acquire the properties of Polyflux 210H membrane due to its unique 

blend of polymer exclusively used for this application. However, the bulk density, 6#789  

of Polyflux membrane was estimated to be 857.60 kg m-3. 

This was calculated with the assumption that that entire polymers were equally 

distributed, as shown in equation 4.2. 



 65  

 6:;<+=>8) = 	0.33(6;) + 0.33(6#) + 0.33(6>) (4.2) 

 DEFEGHIJ = 1 −
6#789
6:;<+=>8)

 (4.3) 

Where, 6:;<+=>8)  denotes the particle density, consisting of 6;, 6# , 6> denoting 

the polymers used in the Polyflux 210H membrane. The porosity of three layers from 

blood side to dialysate side were found to be 0.1, 0.27 and 0.4 respectively, whereas the 

porosity of the middle layer of membrane was estimated. The approximated values of 

heat capacity and thermal conductivity was based on the Polyamide, which is one of the 

materials used in Polyflux 210H membrane. 

Table 4.1 – Material parameters of blood, dialysate and membrane used in this model 

Parameters Blood Dialysate Polyflux 210H membrane 

Density, 6 

(kg m-3) 
1060 [121] 

Used same properties 
of water from 

material library. 

857 

Thermal 
Conductivity, K 

(W m-1 K-1) 
0.543 [122] 0.25  [123] 

Heat capacity 
at constant 
pressure, L: 

(J kg-1 K-1) 

4180 [122] 1590 [123] 

Ratio of 
specific heats 1 [122] - 

With Heat transfer in fluids, the governing equation is the heat equation, which is 

based on the energy conservation equation. The same equation was used in dialysate 

flow model to estimate the temperature. The heat equation is shown in equation 4.4.  



 66  

 6L:M ∙ ∇% = 	∇ ∙ (K∇%) + " (4.4) 

Where L: denotes the heat capacity at constant pressure (J kg-1K-1), K is the 

thermal conductivity (W m-1K-1), % is the temperature (K), and " is the heat source (J) 

term and M is the velocity of fluids (m s-1). 

The inlet velocity of blood, P# and dialysate, P$  along the axial direction were 

calculated using the equations 4.5 and 4.6 [124]. 

 P# = Q
2"#
.(RST

U V1 − W
F
(R
X
S
Y (4.5) 
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(4.6) 

where "# and "$  denotes the flow rate of blood and dialysate respectively (ml 

min-1), F denotes the radial coordinate, T denotes the number of fibers in a dialyzer (for 

Polyflux 210H dialyzer, T = 12000) and (R,	(S, (Z denotes the radius of the fiber (m), 

which is illustrated in Figure 4.2. 

In Heat Transfer in Porous Media, the equation used was the same as that for 

fluids. The effective thermal conductivity of porous media was estimated based on 

volume averaging theory  [125]. The modified equations are shown as equation 4.7 and 

4.8.  

 6L:M ∙ ∇% = 	∇ ∙ cK)dd∇%e + " (4.7) 

 K)dd = 	f:K: + c1 − f:eK (4.8) 



 67  

Where K)dd denotes the effective thermal conductivity, f: denotes the packing 

density of membrane, K: denotes the thermal conductivity of membrane and K denotes 

the thermal conductivity of fluid. 

The transfer of heat through the membrane was defined as convective heat flux 

and the governing equation is shown in equation 4.9, 

 g = ℎ. (%)*+ − 	%) (4.9) 

Where ℎ denotes the convective heat transfer coefficient and %)*+ denotes the 

external temperature of the membrane. In many studies, it was mentioned that the 

calculation of heat transfer coefficient is a challenging task. However, COMSOL 

Multiphysics® provides many conditions to approximate the value of convective heat 

transfer coefficient, ℎ (W m-2 K-1). Since this model has two membrane boundaries, the 

blood side boundary was considered as the internal forced convection, while the 

dialysate side boundary was considered as the external forced convection. The internal 

forced convection was selected as the blood is forced to flow inside the membrane, 

whereas the dialysate fluid is forced to flow over the membrane surface in the dialyzer. 

Hence, this heat transfer system involves both internal and external convection 

simultaneously. The polymers are considered as thermal insulators, which means it 

reduces the heat transfer during the process [126], [127]. Thus, the heat transfer 

coefficient in the polymers are very low (range between 0.4 – 40 W m-2 K-1) [128]. 

Therefore, the required inlets, outlets and boundaries were initialized for this model. 

Then the temperature of blood, dialysate and membrane are then solved using COMSOL 

Multiphysics® until a converged solution is obtained. 
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4.3 Results and discussion 

4.3.1 Heat transfer in a dialyzer 

In this model, a stationary study was carried out in order to investigate the effect 

of dialyzer in reaction to the difference in temperature from blood and dialysate fluids. 

Based on recent literatures, the use of cool dialysate (35°C) had significant effect on 

hemodynamic stability of dialysis patients when compared to standard dialysate 

temperatures (37°C) [36], [129]. Whereas, the prescription of standard dialysate 

temperature of 37°C would lead to heat accumulation and thereby to an excessive drop 

in blood pressure. So, the temperature at the inlet of blood and dialysate were initialized 

as 37°C and 35°C respectively and the flow rate of blood and dialysate were kept constant 

at 300ml min-1 and 450ml min-1 respectively. The dialysate flow rate were acquired by 

taking into consideration of the ratio "#:"$  = 1:1.5 as prescribed in modern dialysis 

machines [130]. The simulated results showing the effect of temperature taking place in 

dialyzer is shown in Figure 4.3. The arrows in Figure 4.3(b) indicate the velocity magnitude 

and direction of blood and dialysate compartments. 
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Figure 4.3 - (a) 3D representation and (b) 2D representation of Temperature surface when inlet 

temperature of blood and dialysate at 37°C and 35°C respectively flows through dialyzer at Qb = 

300 ml min-1 and Qd = 450 ml min-1. 

The temperature at the inlet and outlet of blood and dialysate were analysed and 

shown in Figure 4.4. It can be observed that the actual blood temperature has decreased 

by about 1.16°C and the dialysate temperature has increased about 1.08°C along the 

membrane. The difference in temperature change is very small (approx. 0.08°C), which 

may be due to the difference in the blood and dialysate flow rates.  

 
Figure 4.4 - The graph of (a) blood and (b) dialysate temperature at the inlet and outlet of this 

model. 



 70  

4.3.2 Effect of heat transfer by varying dialysate temperature 

Figure 4.5 shows the effect of blood and dialysate temperature by various inlet 

dialysate temperatures for normal body temperature at 37°C. The dialysate temperature 

was varied from 34°C to 38°C to investigate the heat loss and the flow rate of blood and 

dialysate were kept constant at 300ml min-1 and 450ml min-1 respectively. It is assumed 

that only negligible (≈0) heat loss occurs from blood line to environment. At 37°C of 

dialysate temperature, it can be seen that the blood and dialysate is in thermal 

equilibrium. However, dialysate temperature higher than the body temperature shows 

an increase in blood temperature, which can lead to many complications. Respectively, 

dialysate temperature lower than the body temperature shows a decrease in blood 

temperature. Similarly, the outlet dialysate temperature shows increase and decrease 

with the decrease and increase in inlet dialysate temperature respectively. This is most 

likely due to the fact that heat loss/gain is taking place across membrane from blood to 

dialysate and vice versa. 

 

Figure 4.5 - The outlet (a) blood temperature and (b) dialysate temperature for various dialysate 

temperatures under normal body temperature. 

It was found that the heat transfer taking place in dialyzer is mainly due to the 

difference in temperature between blood and dialysate. From a medical perspective, the 
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thermal aspects of HD mainly depends on the physiologic effects of patients, which 

responds to changes in body temperature [20]. This implies that the body temperature 

could not be stabilized if blood and dialysate temperature were the same. However, 

continuous research is progressing in merging physiological and extracorporeal thermal 

transfers [79]. Hence, it is probably best to analyse the thermal exchange in 

extracorporeal circuit, especially the dialyzer. 

4.3.3 Effect of heat transfer by varying blood and dialysate flow rate 

The different types of dialyzers such as low-flux and high flux membranes have 

different optimal blood and dialysate flow rates to undergo an efficient HD treatment. 

Thereby, the analysis on heat transfer for various blood and dialysate flow rate was 

investigated. Thus, the three commonly used dialysate flow rate such as 400 ml min-1, 

450ml min-1, and 500 ml min-1 of the Polyflux 210H dialyzer were considered for the 

study. While, the blood flow rates were varied from 200 ml min-1 to the maximum of 

dialysate flow rate were considered. The flow rates were selected according to the 

Polyflux dialyzer datasheet [104]. The inlet temperatures of the blood and dialysate were 

kept constant at 37°C and 35°C respectively for this study. The simulations were carried 

out and plotted in the graph as shown in Figure 4.6. From the graph, it can be observed 

that the dialysate temperature increases with the increase in blood flow rate, while the 

blood temperature decreases. Moreover, there was only a slight change in temperature 

at around 0.01°C. However, there was no noticeable change in temperature when the 

blood flow rate increases by 50 ml min-1. Furthermore, the blood temperature loss in 

dialyzer was found to be lesser in high dialyzer flow rate, while the loss is higher in low 

dialyzer flow rate. Similar relations were found with the increase in dialysate 
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temperature. Specifically, the change in temperature for the nominal blood flow rate at 

300 ml min-1 with increasing dialysate flow rate were 1.164°C, 1.159°C and 1.155°C 

respectively, which shows a negligible difference in temperature loss with a magnitude 

of less than 0.005°C. Most importantly, the gradient of the temperature change in 

different dialyzer flow rates were fairly similar. This shows a generalized trend of heat 

transfer in dialyzer for different prescriptions of HD.  

 
Figure 4.6 - Comparison of change in blood and dialysate temperature along the membrane for 

various blood flow rate, Qb, and dialysate flow rate, Qd 

4.3.4 Relationship between inlet and outlet blood temperature  

The inlet blood temperature, %$,k and outlet blood temperature, %$,l  were 

analysed for various blood and dialysate flow rates in order to deduce a heat transfer 

relation of a dialyzer. This will benefit in achieving an overall thermal energy relation of 

extracorporeal circuit including arterial and venous line. Therefore, the outlet blood 

temperatures were computed within various inlet blood and dialysate temperature, %$. 
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These temperatures were kept beyond normal range from 34°C to 38°C to deduce a 

generalized expression. The relationship between inlet blood and outlet blood 

temperatures were plotted in terms of dialysate temperature for "# = 300ml min-1 and 

"$  = 450ml min-1 as shown in Figure 4.7. From the graph, it can be seen that the 

relationship between the inlet and outlet blood temperature is linear and the 

relationship can be expressed as a linear equation. The gradient was then calculated to 

deduce an expression in terms of %$,l,	%$,k and %$ as shown in equation 4.10. 

 %$,l = K;%$,k + K#%$ + K> (4.10) 

Where, K;,	K# and	K> denotes the coefficients of linear heat transfer equation of 

dialyzer.  

 
Figure 4.7 – Graph of relation between outlet blood temperature in terms of inlet blood and 

dialysate temperature for Qb 300ml min-1; Qd 450ml min-1 

Similarly, the outlet blood temperature was computed for different dialysate flow 

rates of 350 ml min-1 and 400 ml min-1, while keeping the blood flow rate constant at 300 

ml min-1. In the same way, the outlet blood temperature was also computed for different 

blood flow rates of 200 ml min-1 and 400 ml min-1 by keeping constant dialysate flow rate 
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at 450 ml min-1. From this analysis, the coefficients of the linear equation were tabulated 

as shown in Table 4.2. In this current work, the defined range of blood flow rate were 

selected as it is used commonly for normal patients, while the usual dialysate flow rates 

needs to be less than 1.5 times the blood flow rate [131]. 

Table 4.2 – Coefficients of inlet blood and dialysate temperature for various "m and "n 

op                    

ml min-1 

oq                    

ml min-1 
rs rp rt 

200 450 0.4178 0.5822 0.0005 

300 450 0.4206 0.5794 0.0005 

400 450 0.4234 0.5766 0.0005 

300 350 0.4148 0.5852 0.0006 

300 400 0.4181 0.5819 0.0008 

As this is an initial study on heat transfer in dialyzer, there are many limitations 

and assumptions adopted such as isotropic medium, negligible work done by pressure 

changes, approximations of membrane material properties etc., were considered. 

Moreover, the results were mainly biased to high flux dialyzers such as Polyflux 210H, 

which hinders to approximate the characteristics of other dialyzers with different 

properties. However, the model can be easily modified to the specific dialyzer properties 

using the COMSOL software. To the best of authors’ knowledge, there has been no 

simulation study based on the heat transfer in the dialyzer. Therefore, the outlet blood 

temperature in dialyzer were validated with clinical studies while assuming negligible 

heat loss between dialyzer and venous line.  

 From the initial 3D representation of the dialyzer as shown in Figure 4.3 (a), it can 

be seen that there is notable transfer of heat taking place between blood and dialysate 
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across the membrane. This means the temperature of blood drops along the fiber, while 

the temperature of dialysate rises using the cool dialysate at 35°C. Also, it shows that the 

blood leaves the dialyzer in thermal equilibrium with the dialysate. It can also be seen 

that the temperature of the blood returning to the body is also influenced by that of the 

dialysate, which confirms that the dialyzer acts as an almost perfect heat exchanger [19], 

[33], [132], [133]. Studies have shown that the drop in blood temperature in venous line 

is within the range of 0.5°C – 1°C [19], [65]. An earlier study showed that the venous 

temperature has dropped to 0.9±0.4°C in an isothermic HD [66]. From this simulation 

work, it can be concluded that the temperature change along the dialyzer membrane is 

one of the factors which leads to a drop in blood temperature as shown in the literatures. 

The direction of velocity shows strong agreement with the fully developed laminar flow 

theory, which shows the velocity is higher away from the membrane. Moreover, the 

model shows that the blood flow rate has insignificant dependency on the effect of heat 

transfer in dialyzer.   

To further strengthen the development of an efficient temperature controller, 

more useful information on various dialysis operating conditions need to be investigated. 

Thus, the important temperature gradient was analyzed by various dialysate 

temperature, dialysate flow rates and blood flow rates. As a result, the inlet and outlet 

blood temperature trend in a dialyzer need to be utilized to account for overall thermal 

energy transfer in extracorporeal circuit. Thereby, the venous temperature can also be 

estimated from the overall extracorporeal model, which serves as an important 

parameter for monitoring the efficiency of a temperature controller. Hence, the 

numerical results can serve as a guide for further design and development.  
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In future, this model can be used to design an optimal dialyzer membrane not 

only limiting to membrane design parameters such as pore radius, dimensions of fiber, 

material properties, flow rates of blood and dialysate etc., but also heat transfer 

properties. The study further strengthens our research that heat transfer in the dialyzer 

due to its inherent mass transfer necessitates a system to control and regulate the 

dialysate temperature. This could serve as a simple and efficient way to compensate the 

heat loss/gain in extracorporeal circuit. 

4.4 Conclusion 

In conclusion, the model had shown that there is also a heat transfer taking place 

in dialyzer other than heat loss from blood lines to environment. The model exhibited a 

trend in temperature profile across the dialyzer membrane and the blood temperature 

has decreased up to 1.16°C using cool dialysate settings. The blood temperature slightly 

decreased for increasing blood flow rates with a constant dialysate temperature. 

Whereas, the decrease in blood temperature in dialyzer showed a similar trend for 

different dialysate flow rates. It can be verified that the dialyzer acts as a heat exchanger 

during HD. Most importantly, the linear equation expressing the heat transfer in a 

dialyzer can be favourably used for the in-vitro evaluation of DTCM prototype. In future, 

it is hoped that inclusion of temperature controller in HD machine by incorporating the 

heat loss will reduce the hypotension episodes as well as other complications during 

dialysis. 
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Chapter - 5 

5 IMPLEMENTATION AND PERFORMANCE 
EVALUATION OF FUZZY LOGIC CONTROL WITH 

RASPBERRY PI 

 Introduction 

In the last few years, artificial intelligence (AI) based techniques in the control 

system has seen an emerging trend in various applications. In fact, AI technique offers 

the science of producing intelligent systems, which are effective and better solution to 

tackle different problems and tasks. AI consists of several techniques such as Neural 

Networks, Fuzzy Logic, Expert Systems, Evolutionary computing techniques and many 

more. One of the AI techniques widely used in the field of control system is fuzzy logic 

techniques. Fuzzy logic control (FLC) is mainly based on the logic and decision 

mechanism, which is realization of human control strategy. However, FLC delivers 

superior performance over a classical controller due to its decision-making capability and 

ability to operate in presence of uncertainties and external disturbances [134]. Unlike 

other control techniques, it does not require complete system knowledge which requires 

analytical model. In contrary, other AI techniques would require complete system 

knowledge for its development. However, this study emphasizes on the best possible 

solution to the problem rather than giving importance to the different control 

techniques. Therefore, FLC is considered as a convenient technique which can be applied 

to real systems with multiple inputs and outputs. 

Today, engineers and researchers are considering fuzzy logic algorithms to 

implement intelligent controls in embedded systems. This would lead to a natural choice 
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of using embedded systems for solving complex real-world problems. However, the 

performance of an FLC strongly depends on its fuzzy parameters such as membership 

functions, rule base, and fuzzy inference system (FIS) of the process to be controlled 

[135]. Although a FLC does not have a systematic procedure in the design process, it 

requires proper tuning of fuzzy parameters to improve the performance. Many studies 

have shown the optimization can be based on trial and error [136], artificial neural 

network (ANN) [137], genetic algorithms (GA) [138], and particle swarm optimization 

(PSO) [139]. The trial and error method use initial system knowledge and estimates the 

fuzzy parameters until an optimal performance is obtained. Other learning algorithms 

like GA, ANN, and PSO have proven that these methods work very well. But, they are 

hybrid systems that combines other intelligent methods with fuzzy logic. Studies have 

shown that the implementation of hybrid systems [140] and combination of classical 

control techniques such as Fuzzy PID, Fuzzy PI etc., are on rising trend [141]–[143]. 

Moreover, the hybrid systems are also powerful and adaptive, although they require high 

level algorithms with time consuming processes that may not be desirable in certain 

control applications.  

In recent years, numerous studies have reported on the FLC implementation in 

embedded systems such as field-programmable gate array (FGPA) [144], [145], digital 

signal processor (DSP) [146], and microcontrollers [147], [148] in various applications. In 

addition, a low-cost microcontroller Arduino has successfully implemented FLC in certain 

control applications such as liquid level control [149], temperature control [109], robotics 

[150], speed control for DC motors [151] and many more. These studies show an 

encouragement in FLC implementation for applications that require better performance 

compared to conventional control techniques. Likewise, some studies have reported on 
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the FLC implementation in powerful low-cost microcontroller Raspberry Pi. But, most of 

the studies were on applications that are based on facial recognition [152], Internet of 

Things (IoT) [110], [153], [154], navigation applications [155] etc. However, the 

implementation of speed control [156], robot control [111], [157], and temperature 

control system [158] using FLC looks promising. In a comparative study, the control 

behavior of FLC in Raspberry Pi was found to be better compared to Arduino in fluid flow 

control application [159]. The implementation of FLC in the literatures are mostly 

modeled for specific applications, not for general cases. 

This chapter focusses on the implementation of FLC in a low-cost microcontroller 

Raspberry Pi and its algorithms for fuzzification, rule evaluation and defuzzification of a 

closed loop control system as stated in section 3.7.2. The effect of fuzzy parameters was 

compared and analyzed in real environment to achieve an optimal control. Thus, a fuzzy-

logic based temperature control system consisting of a sensor, actuator and 

microcontroller was designed. The main goal of this work is to find a fuzzy logic model 

with an optimal combination of fuzzy parameters for the implementation in Raspberry 

Pi. Therefore, the optimal fuzzy logic model can be then applied to implement in DTCM. 

 Design and methodology 

5.2.1 Experimental design 

In this work, a simplified temperature controller model consisting of two tanks at 

a stable temperature of 34.5°C and 28.5°C has been proposed as shown in Figure 5.1. The 

proposed design concept was similar to the DTCM prototype except for the pre-heated 

tank. As this study emphasizes on optimization of fuzzy parameters, heated water and 

water at normal temperature were considered. The temperature was then controlled 
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according to the target temperature by varying the flow rates from the two different 

temperature tanks. At the same time, actual temperature was monitored using a sensor 

at the final tank and the final flow rate was maintained at 450 ml/min. Hence, the control 

of peristaltic pumps by varying the flow rates would be vital for the efficiency of the 

temperature control system. The experimental setup of the simplified temperature 

controller is shown in Figure 5.2. 

 
Figure 5.1 - Simplified temperature controller schematic for fuzzy logic optimization 

 
Figure 5.2 – Experimental setup for a simplified temperature controller. 
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5.2.2 Fuzzy logic control design 

In this study, a MISO (multiple input and single output) FLC was designed for the 

temperature control application as shown in Figure 5.3. As this study emphasizes on the 

implementation and optimization on FLC in Raspberry Pi, several fuzzy logic designs were 

considered using fuzzy logic toolbox in MATLAB. However, the approach of the design 

optimization was based on ‘trial and error’ method by considering certain factors such as 

model simplicity and computational efficiency for hardware implementation. Likewise, a 

normalized fuzzy system was chosen in order to eliminate the intervention on fuzzy logic 

design if any changes to be made on the controller.  

 
Figure 5.3 - Schematic diagram of FLC used for the proposed model. 

The inputs error (u) denotes the error between setpoint and actual temperature 

and change in error (vu) denotes the difference between the present error (u9) and the 

previous error (u9wR) given by equations 5.1 and 5.2 respectively, where K is the sampling 

instance. Whereas the output ‘Pump’ (∆M) denotes the change of duty cycle signal to 

vary the speed is expressed in equation 5.3. The universe of discourse is set to fit into 

interval [-1;1] for all the variables. A total of four designs were created and compared in 

Pump

Temperature 
sensor

Tactual

*Tsetpoint +

-

Fuzzification

Defuzzification

Fuzzy 
inference

Rule base

Error

Change in 
error

FLC



 82  

terms of fuzzification, rule base and defuzzification in the following sections. In order to 

select the most efficient model for the FLC temperature control interface, a comparison 

between two fuzzy models widely utilized have been tested in each design: Mamdani FIS 

and Sugeno FIS.   

 u(K) = %y)+:z={+ − %;>+7;8  (5.1) 

 vu(K) = u9 − u9wR (5.2) 

 M9 = M9wR + ∆M9 (5.3) 

5.2.2.1 Design-1 

In this initial design, triangular membership functions were used to fuzzify the 

inputs as shown in Figure 5.4(a) and 5.4(b), whereas, triangular membership function was 

used for Mamdani output and singleton membership function was used for Sugeno 

output as shown in Figure 5.4(c) and 5.4(d). The membership functions were partitioned 

equally into three subsets for each input which are negative (N), zero (Z) and positive (P), 

whereas the three subsets for output are low (L), normal (N) and high (H).  
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Figure 5.4 – Design-1 membership function of inputs (a) error and (b) change in error, while (c) 

and (d) shows the output membership function in Mamdani and Sugeno FIS respectively. 

The fuzzy rules serve as the knowledge and skills of human operator who can 

make necessary modifications to run the system with faster response and minimal error. 

Therefore, the input signal signs u and vu are used to determine the signs of control signal 

∆M, which determines the FLC to increase or decrease the overall control action to the 

controlled system. According to the generalized approach in rule base construction, the 

sign of ∆M should be positive if the final output M is required to be increased and vice 

versa [160]. In this model, the same approach has been considered for creating the rule-

base table. By considering the three-membership function for inputs and outputs, a rule 

base table with nine rules were formed and shown in Table 5.1. Based on this design 
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approach, the normal (N) membership function was placed on the main diagonal 

separating the positive and negative parts; shown in Table 5.1. From the Table, a sample 

rule format is as follows, 

Rule 1: IF error (u) is N AND change in error (vu) is N THEN pump (∆M) is L. 

Table 5.1 – Rule base for Design-1 

         e 
De 

N Z P 

N L L N 

Z L N H 

P N H H 

The final control output signal is the crisp value that is defuzzified from the 

inference processes of the fuzzy rule base. In Mamdani FIS output, the most commonly 

used technique for defuzzification; centroid has been applied as shown in equation 5.4. 

While, the commonly used defuzzification method for Sugeno FIS is Weighted average, 

which is expressed in equation 5.5. 

 
∆M =

∑ M=. }{
= (M=)
∑ }{= (M=)

 
(5.4) 

 
∆M =

∑ M~.�~{
~

∑ �~{
~

 
(5.5) 

Here, ∆M denotes output value, M= denotes the value of membership function 

centroid, }(M=) denotes the degree of membership,	�~  denotes the output weights and 

T denotes the number of elements in a sample. The control surface that illustrates the 

complete operation of the FLC is shown in Figure 5.5. It can be seen that the output 

surface of Mamdani FIS has an effect of a larger area around zero compared to Sugeno 
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FIS, which means the stability point will be focused on zero. Moreover, the control 

surface of Sugeno can be approximated by linear surface than Mamdani FIS. 

 
Figure 5.5 - Control surface of (a) Mamdani FIS and (b) Sugeno FIS for Design-1 

5.2.2.2 Design-2 

In this design, triangular membership functions were used to fuzzify the inputs 

and Mamdani output, while Sugeno output uses singleton function as shown in Figure 

5.6. A five membership function was used for the input ‘error’ and the input ‘change in 

error’ employs a three membership function, the same as in Design-1. Also, a five 

membership function was utilized for the output ‘pump’ with the intention to improve 

the resolution. The five membership function for input ‘error’ was represented by 

linguistic variables such as negative large (NL), negative small (NS), zero (Z), positive small 

(PS) and positive large (PL). Similarly, five membership function was assigned to output 

‘Pump’ and represented as very low (VL), low (L), normal (N), high (H) and very high (VH). 
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Figure 5.6 - Design-2 membership function of inputs (a) error and (b) change in error, while (c) 

and (d) shows the output membership function in Mamdani and Sugeno FIS respectively. 

Since this design employs two different number of membership functions in 

inputs and output, a rule base table with a total of 15 fuzzy rules was formed and shown 

in Table 5.2. Since this is a non-symmetrical matrix, the assigned rules were mainly based 

on the dynamic of the error signal behaviour. The output control signal was defuzzified 

using the same technique as mentioned in Design-1. The control surface that illustrates 

the complete operation of the FLC is shown in Figure 5.7.  
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Table 5.2 - Rule base for Design-2. 

         e        
De 

NL NS Z PS PL 

N VL VL L N N 

Z L L N H H 

P N N H VH VH 

 

 
Figure 5.7 - Control surface of (a) Mamdani FIS and (b) Sugeno FIS for Design-2 

5.2.2.3 Design-3 

In this design, a trapezoidal membership was assigned on the extreme boundaries 

of both the inputs, while the triangular membership functions were used in the middle 

range as shown in Figure 5.8. Meanwhile, the output membership function remained the 

same as Desgin-2. This approach was intended to alter the type of membership function 

rather than increasing the number of membership functions. As this design utilizes the 

same number of membership functions, the rule base table from Design-2 was utilized 

for this design as shown in Table 5.2. The output control signal was defuzzified using the 

same technique as mentioned in Design-1. The control surface that illustrates the 

complete operation of the FLC is shown in Figure 5.9. 
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Figure 5.8 - Design-3 membership function of inputs (a) error and (b) change in error, while (c) 

and (d) shows the output membership function in Mamdani and Sugeno FIS respectively. 

 
Figure 5.9- Control surface of (a) Mamdani FIS and (b) Sugeno FIS for Design-3 
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membership function. The only difference comparing to Design-1 is the number of 

membership functions. In this design, the membership functions were equally portioned 

into five subsets for each inputs and output as shown in Figure 5.10.  

 
Figure 5.10 - Design-4 membership function of inputs (a) error and (b) change in error, while (c) 

and (d) shows the output membership function in Mamdani and Sugeno FIS respectively. 

Based on the generalized approach of rule base construction, the normal (N) 

membership function were placed on the main diagonal; while separating the positive 

and negative parts were divided into sub-regions such as VL, L, H and VH as shown in 

Table 5.3. As a result, a symmetrical matrix with a total of 25 fuzzy rules were obtained. 

However, the output control signal was defuzzified using the same technique as 

mentioned in Design-1. The control surface that illustrates the complete operation of the 

FLC is shown in Figure 5.11. 
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Table 5.3 - Rule base for Design-4 

         e        
De 

NL NS Z PS PL 

NL VL VL VL L N 

NS VL VL L N H 

Z VL L N H VH 

PS L N H VH VH 

PL N H VH VH VH 

 

 
Figure 5.11 - Control surface of (a) Mamdani FIS and (b) Sugeno FIS for Design-4 

5.2.3 Implementation design 

The hardware components of DTCM prototype that were used for the proposed 

model is mentioned in section 3.6.1.2. It was then interfaced to Raspberry Pi and 

executed the proposed model externally using MATLAB/Simulink as stated in section 

3.6.2.2. In addition, scaling factors were introduced for the flexibility of the system. By 

changing the scaling factor, the user can easily modify the control circuit. In other means, 

the scaling factor in the inputs were utilized to keep the values between [-1,1] for the 

fuzzy inputs. Similarly, FLC generates the output signal in the range [-1,1], that is further 

multiplied by a scaling factor; obtaining the final modification of the control at each 
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sample time. The final modification of duty cycle is updated according to equation 5.3. 

The range of variation is limited between 0 and 255 by saturation block. The fuzzy 

signal was fed to one of the peristaltic pumps with an appropriate duty cycle, while the 

other was fed with the remaining duty cycle in order to achieve a stable flow rate at the 

final tank. The overall Simulink model is shown in Figure 5.12.  

 
Figure 5.12 – Simulink model for the proposed temperature control system. 

5.2.4 Evaluation factors  

To compare the different types of fuzzy logic designs, several practical aspects 

have been considered in this study as they are critical to the success of the DTCM 

prototype application. The control system performance is initially measured by applying 

a step function as the setpoint and then measuring the response of the process variable. 

The basic factors in transient response such as overshoot, rise time, and peak values were 

analysed from the controller output. Moreover, the commonly used performance indices 

namely Integral absolute error (IAE), integral squared error (ISE) and integral time 

absolute error (ITAE) were used to quantitatively measure the performance of the 

system. These performance indices were analysed during steady state output to fall 
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within a 2% threshold of setpoint (IG) until infinity (∞). Therefore, the control objective 

is to minimize the errors of each performance index. Mathematical equations for such 

quantitative measure are given in equations 5.6, 5.7 and 5.8. Among the proposed four 

designs, an optimal fuzzy logic design was then considered for the multiple setpoint 

response in order to evaluate the implementation in DTCM prototype.  
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 Results and discussion 

The working of temperature controller based on FLC was implemented and 

verified on low-cost microcontroller Raspberry Pi for different scenarios by the step 

response for a user-specified set point temperature. The system presents the response 

of setpoint temperature at 31°C, which lies in between temperature of the two tanks. 

The actual temperature from the sensor was monitored at a sample time of 0.50 seconds 

in real-time using Simulink environment. Besides, an error tolerance band was 

introduced within 1% error from the setpoint to analyse the effectiveness of temperature 

controller. The tolerance band was set to be narrower band than the existing HD system 

tolerance band of ±0.5°C. The controller response for each design were compared 

against both FIS – Mamdani and Sugeno as shown in the following sections. 

5.3.1 Design-1 

Figure 5.13 depicts experimental behavior of the temperature controller 

responses at the pre-defined setpoint. From the response, it can be observed that the 
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temperature has reached the setpoint from the room temperature after 45 seconds for 

Mamdani FIS, while Sugeno FIS has taken 48.5 seconds after the overshoot. However, the 

steady state condition was then achieved with a minute deviation of ± 0.25°C, which lies 

within the specified tolerance band. In addition, it was noticed that output temperature 

settles after an overshoot of 2.02% and 1.21% for Mamdani and Sugeno FIS respectively; 

which goes beyond the tolerance band. This is attributed to the design utilizing minimum 

number of rules and membership functions. As a result, the controller couldn’t adapt to 

small margin of error or sudden minor changes in the output.  

 
Figure 5.13 – Controller response for Design-1 

The peristatic pumps output, which plays a key role in actuating the heating 

system in the controller were plotted as shown in Figure 5.14. The actuator consists of 

two pumps namely HT pump that transfers high temperature fluid, while LT pump 

transfers low temperature (also known as room temperature) fluid. From the graph, it 

can be seen that both FIS results a steady output after reaching the steady state. 

However, Sugeno FIS have made a slight adjustment in order to minimize the steady state 

error, since the output temperature has reached an error of -0.25°C. Furthermore, the 
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combined duty cycle of the two pumps was found to be 80%, which substantiates the 

required flow rate.  

 
Figure 5.14 – Pump output response for Design-1 

Recent study revealed an implementation of fuzzy logic based temperature 

control system which utilized heating resistor as an actuator [109].  The study employs 

Sugeno FIS with a similar rule base and fuzzy logic design implemented in an Arduino 

board for the purpose. As a result, an overshoot of 0.5°C was observed for the setpoint 

of 37°C in the published literature, while the proposed method shows an overshoot of 

0.375°C in Sugeno FIS. The difference of the overshoot can be due to the difference in 

setpoint and actuator properties as both the response started from the room 

temperature. This validates the behaviour of FLC temperature controller in real-time 

environment. 

5.3.2 Design-2 

With the introduction of five triangular membership functions for an input and 

output, the overshoot has reduced in the temperature control response as shown in 

Figure 5.15. However, the temperature reaches the setpoint after 31.5 seconds and 28 
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seconds for Mamdani and Sugeno FIS respectively. The faster time is due to the higher 

room temperature at the beginning. Again, the temperature response for both FIS results 

in a persistent oscillation, yet still lies under the tolerance band throughout the 

experiment. To be precise, the Sugeno FIS shows lesser deviation of ±0.19°C compared 

to Mamdani FIS with a deviation of ±0.31°C. Most importantly, the overshoot for both 

FIS were eliminated significantly compared to Design-1.  

 
Figure 5.15 - Controller response for Design-2 

Figure 5.16 shows the output control signal for the peristaltic pumps and it can 

be seen that the duty cycle is oscillating during steady state condition. An experimental 

study for the direct torque control in an Induction machine utilizing the similar Mamdani 

FIS based fuzzy logic design was reported [144]. Furthermore, a wall-following robot with 

different number of membership functions for input and output was implemented in a 

Raspberry Pi microcontroller [111]. The controller response with a similar oscillations 

trend were observed in both studies. This can be due to the design utilizing different 

number of membership functions for the input, which results in a non-symmetrical rule 

base table.  
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Figure 5.16 - Pump output response for Design-2 

5.3.3 Design-3 

Figure 5.17 depicts the temperature response for the design consisting of 

triangular and trapezoidal membership functions for inputs. According to the graph, it 

can be observed that the temperature has reached the setpoint after 31 seconds for 

Mamdani FIS, while Sugeno has taken 40.5 seconds. However, the overshoot for both FIS 

were eliminated, similar to Design-2. Subsequently, the steady state condition for the 

Sugeno FIS was found to be encouraging with a small deviation of ±0.06°C. In contrary, 

Mamdani FIS response was unstable within 1% tolerance band. Some studies have 

reported the performance comparison of Mamdani and Sugeno FIS, which shows 

insignificant differences between their responses [137], [161]. As expected, the output 

control signal for both FIS was found to be oscillating as shown in Figure 5.18. Studies 

have reported similar fuzzy logic designs utilizing Mamdani FIS for temperature control 

and speed control [147], [148]. Those results show that there is a slight fluctuation in the 

steady state response, similar to Design-3 controller response. Moreover, a preliminary 

result on fuzzy logic based dialysate temperature control system was reported in a recent 

study [78]. It was implemented using STM32F4 microcontroller utilizing the combination 



 97  

of trapezoidal and triangular membership functions. In that work, the temperature 

response with a deviation of ±0.5°C during steady state was reported in a real time 

experiment. This could be due to the difference in number and type of membership 

functions used for inputs, resulting in a sinusoidal output signal response. 

 
Figure 5.17 - Controller response for Design-3 

 
Figure 5.18 - Pump output response for Design-3 

5.3.4 Design-4 

The temperature response consisting of five triangular membership functions for 

inputs and output is shown in Figure 5.19. According to the graph, it can be seen that the 

responses of both FIS were encouraging without any overshoot. However, the 
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temperature reached the setpoint after 39 seconds for Mamdani FIS, while Sugeno FIS 

has taken 34.5 seconds. Moreover, the steady state region was reliable with a negligible 

deviation of ±0.125°C for both FIS, which absolutely lies inside the tolerance band. A 

similar experimental fuzzy logic design was reported for a DC-DC power boost converter 

application [81]. The experimental response revealed a negligible overshoot and steady 

state error compared to PI control. Figure 5.20 shows the control output signal for the 

Design-4. It can be observed that the output signal oscillates during the initial steady 

state region and slowly settles without a significant change in temperature. This shows a 

potential approach towards the symmetrical membership functions and rule base design 

strategy for certain applications. 

 
Figure 5.19 - Controller response for Design-4 
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Figure 5.20 - Pump output response for Design-4 

5.3.5 Summary of results 

The performance indices such as IAE, ISE and ITAE were evaluated in order to 

demonstrate the performance of the proposed designs. Figure 5.21 summarizes the 

performance analysis. From the graph, it can be inferred that the performance of Design-

4 is excellent compared to other designs. In Design-4, Sugeno FIS has exhibited slightly 

lesser error during steady state with IAE = 6.99, ISE = 1.61 and ITAE = 330.14 compared 

to Mamdani FIS with IAE = 8.09, ISE = 1.85 and ITAE = 447.03. The large value of error 

demonstrates the higher value in ISE than IAE. But, IAE expresses the cumulative error 

magnitude and ISE expresses the square of error. These values indicate better 

performance in the steady stare for Design-4 FLC compared to other proposed designs. 

However, the error difference between Sugeno and Mamdani FIS were found to be small 

in Design-4. 
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Figure 5.21 – Bar graph showing the comparison of performance indices among the proposed 

designs 

Conversely, Mamdani FIS in Design-3 has shown larger error values due to their 

high deviation in temperature during steady state as shown in Figure 5.17. Also, it shows 

larger error difference between its Sugeno FIS performance. Therefore, it can be seen 

that the Sugeno FIS outperforms Mamdani FIS proportionally in all designs except in 

Design-3. This could be due to their linear surface of output, which allows the change of 

output linearly. In the other case, the IAE and ISE (7.31 and 1.73 respectively) of Design-

3 Sugeno FIS was found to be minimum, while the ITAE (384.41) was larger compared to 

Design-4. As ITAE depends on the time factor, it will penalize the error heavily on the 

later stage of steady state. Therefore, Sugeno FIS in Design-3 illustrates slightly higher 

error deviation compared to Design-4.  
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Table 5.4 – Comparison of transient response among the proposed designs 

Designs FIS Rise time 
(seconds) 

Overshoot 
(%) 

Peak      
(°C) 

Design-1  
Mamdani 12.6 2.02 31.562 

Sugeno 17.17 1.21 31.375 

Design-2  
Mamdani 17.13 0.81 31.312 

Sugeno 12.96 1.01 31.25 

Design-3  
Mamdani 14.35 3.07 31.437 

Sugeno 20.87 0.4 31.125 

Design-4  
Mamdani 19.43 0.61 31.125 

Sugeno 18.19 0.4 31.125 

The basic control characteristics namely the rise time, overshoot and peak 

temperature were tabulated in Table 5.4. As expected, both FIS in Design 1 were 

subjected to an overshoot with a peak temperature of 31.562°C for Mamdani FIS and 

31.375°C for Sugeno FIS. Minimal overshoot was noticed for both FIS in Design-4 and 

Sugeno FIS in Design-3. It can be seen that the peak has decreased with the increase in 

membership functions. Lesser importance was given to rise time analysis as the initial 

temperature varies in every experiment. Also, it can be observed that there is a dead 

time at the initial time of temperature response graphs. The dead time indicates the time 

taken by the fluid to reach the temperature sensor to return the data for computation. 

Considering these factors, Design-1 have shown faster rise time with overshoot, while 

Design-4 shows slower response with maximum accuracy. Therefore, the fuzzy logic 

design in Design-4 was considered as the optimal design to be implemented for further 

analysis. 
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5.3.6 Multiple setpoint of optimized design 

The optimal fuzzy logic is then evaluated for the user-defined multiple setpoints 

of temperature 31.5°C, 29.5°C and 31°C at a regular interval of 50 seconds. The setpoints 

were selected within the range of inlet temperatures. This study enables us to analyse 

the optimal control behaviour in the case of changing setpoints over time, which is crucial 

in certain applications especially in dialysate temperature controller. As mentioned 

earlier, it was introduced with a 1% tolerance band to analyse the effectiveness of the 

controller. The temperature response of the multiple setpoint temperature is shown in 

Figure 5.22. 

 
Figure 5.22 – Controller response for multiple setpoint of optimized design 

From the response, it can be observed that both FIS performs exceptionally well 

in different setpoints as expected. More importantly, the controller was able to maintain 

the temperature within the tolerance band, which shows the effectiveness and 

controllability in the design optimization. The performance of Mamdani and Sugeno FIS 

works almost in identical fashion without any large effect in the response as mentioned 

in literatures [137], [161]. As expected, the similar response of both FIS was mainly due 

Dead time 
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to the utilization of similar defuzzification techniques. In terms of performance indices, 

both FIS shows a negligible effect as shown in Table 5.5. The temperature has reached 

the 1st setpoint after 21 seconds, and then temperature cooled down to 2nd setpoint after 

7 seconds and then increased the temperature to 3rd setpoint after 5.5 seconds. The 

response time for changing setpoints were encouraging. Especially, the sudden fall in 

temperature response for 2nd setpoint was superior compared to conventional heater 

control design. In addition, the dead time was observed on all setpoints and labelled in 

Figure 5.22. The dead time can be reduced by reducing the length of tubing resulting in 

a faster fluid transfer to the final tank since the flow rate needs to be controlled. 

Generally, the fuzzy logic design comprises of symmetrical rule base and membership 

functions revealed a better response compared to other fuzzy logic design through real-

time experiments.  

Table 5.5 – Performance indices for the multiple setpoints 

Setpoints FIS IAE ISE ITAE 

31.5->29.5->31 
Mamdani 68.74 184.92 2489.5 

Sugeno 66.93 179.56 2246.8 

Numerous studies have implemented and experimentally validated the fuzzy 

logic-based temperature controller for various applications [113], [148], [162]. The 

performance of the proposed optimal fuzzy logic design was found to be superior when 

compared to the published studies. In comparison with a recent experimental study of 

fuzzy based temperature controller has reported the response with 0.5°C of overshoot, 

0.25°C of undershoot and 216.5 seconds of rise time to heat up about 7°C of fluid; is 

shown in Figure 5.23 [109]. This shows a remarkable improvement in the response time 

and accuracy of the proposed model. However, the better performance indicates the 
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efficiency in the process design considering the pump as actuator, while other studies 

have used heaters as actuators [109], [148]. This would benefit in achieving the setpoint 

temperature with a quick response time. On the negative side, the proposed design could 

be able to regulate the temperature only within the range of temperature in storage 

tanks. In the proposed system design, the temperature in storage tanks were kept 

constant, yet it would be subjected to a temperature tolerance of ±0.5°C as the tanks 

were not insulated appropriately. Hence, the temperature in storage tank should be 

insulated to keep it constant especially for application that requires a longer duration of 

usage.  

 
Figure 5.23 – Comparison of (a) optimized fuzzy logic design temperature setpoint response with 

(b) published fuzzy logic temperature control response [109]. 

Considering the proposed fuzzy logic designs, only triangular and trapezoidal 

membership functions were utilized, even though there are many membership functions 

such as Gaussian, sigmoidal, and polynomial based membership functions that are 

accessible. This is mainly because of its simplicity and computationally efficient, while 

other utilizes non-linear functions, which results in increase in computational time. This 

is why the triangular and trapezoidal membership functions are widely implemented in 

real applications.  

(a) (b) 
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It can be realized that the performance of Mamdani FIS and Sugeno FIS were fairly 

identical in the optimized fuzzy logic design. Successively, the FIS selection for the DTCM 

prototype becomes quite challenging as both FIS have pros and cons. Based on 

literatures, it can be inferred that Mamdani FIS allows the system to be more intuitive, 

which performs like human knowledge even in the case of any unforeseen disturbances, 

yet it consumes more computational power [163]. On the other hand, Sugeno FIS is more 

compact and computationally efficient. However, no noticeable delay in executional 

performance was observed in both FIS throughout the experiments. It might be due to 

the seamless interface between Raspberry Pi and the MATLAB environment. In addition, 

the Sugeno FIS is mainly widely used for adaptive techniques along with other control 

techniques such as ANFIS, PID etc., as it allows customization [150], [164]. Although, the 

Sugeno FIS demonstrates higher accuracy than Mamdani FIS, Mamdani FIS demonstrates 

high consistency in results [165]. Therefore, Mamdani FIS was selected for the DTCM 

prototype by considering the factors such as consistency and wide acceptance. 

  In comparing the experimental results of various fuzzy logic designs, an 

optimized fuzzy logic design was achieved for a temperature controller application. An 

optimal fuzzy logic design of its parameter values is very important to achieve the 

performance of the fuzzy controller, which is beneficial to the development of the DTCM 

prototype. Furthermore, this chapter illustrates the generalized optimization approach 

which shows the effect of fuzzy logic parameters on their real outputs in implementation 

with faster effective response to solve real-world problems.   
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 Conclusion 

In conclusion, a fuzzy logic based temperature controller was evaluated in terms 

of performance indices such as IAE, ISE and ITAE for the proposed fuzzy logic designs. The 

results showed that Design-4 with a symmetrical rule base and highest number of 

overlapping triangular membership functions was superior in its system performance. 

The minimum peak temperature of 31.125°C with less deviation in steady state was 

achieved for the optimized fuzzy logic design, which implies a better response than those 

presented in literatures of fuzzy logic based temperature controllers. However, the 

Mamdani and Sugeno FIS showed fairly identical performance in both single setpoint and 

multiple setpoint experiments that is in line with the published literatures. In future, the 

optimized fuzzy control design can be utilized for certain applications that requires 

narrow range of output with high accuracy. The results from this chapter provide a better 

understanding of implementation and optimization of fuzzy logic control in cost-effective 

microcontroller Raspberry Pi and a motivation factor to implement the optimal fuzzy 

logic design in the DTCM prototype. 
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Chapter - 6 

6 IMPLEMENTATION OF DIALYSATE TEMPERATURE 
CONTROL MODULE PROTOTYPE AND ITS IN-VITRO 

EVALUATION 

 

 Introduction 

Temperature is considered as one of the vital parameters for dialysis performance 

in terms of patient’s quality of life. During HD treatment, it would cause a significant 

quantity of heat loss in extracorporeal circuit, which can be usually compensated by 

dialysate and cyclic blood in dialyzer. Generally, the dialysate for the entire treatment 

was set to a constant temperature using a heater in the dialysate circuit. Several studies 

have reported on various dialysate temperature settings for the benefits of patient’s 

hemodynamic stability during the treatment as mentioned in section 2.2. From the 

literatures, it was clear that the individualized and seamless temperature control in 

hemodialysis is much required to minimize the complications. 

Until now, there has been only one commercially available device built into a HD 

machine that was able to measure and control the body temperature and thermal 

balance of the extracorporeal circuit - Blood Temperature Monitor (BTM) by Fresenius® 

[57], [65]. The controller is equipped with sensors to measure the venous and arterial 

temperature and the required dialysate temperature is calculated on the basis of results 

from temperature measurement, actual blood flow and several other constraints in order 

to get the precise outcome. However, with the usage of BTM, the hypotensive episode 
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was reduced from 50% to 25% during dialysis session with better hemodynamic stability 

[19]. Also, dialysis adequacy was not influenced by temperature control [66]. On the 

other side, studies based on BTM and other temperature biofeedback systems were quite 

sparse, and it was less renowned in the current society especially third world countries 

[23]. In fact, the BTM module allows its implementation only in Fresenius HD machine, 

which makes it a proprietary module.  

Since there is no other economically feasible dialysate temperature control 

module to avoid such hemodynamic complications, there is a major requirement to look 

into its implementation. Preliminary studies have reported the on-going research on 

dialysate temperature control with a modification of dialysate proportioning method 

through simulation and experiments [77], [78]. This serves as a motivation factor for in-

vitro evaluation of proposed DTCM prototype. In this research, a novel dialysate 

proportioning model has been proposed for the development of DTCM prototype. The 

DTCM prototype was designed to control the temperature of a dialysate fluid after the 

proportioning of bicarbonates flowing at an approximate 30°C of temperature, as 

mentioned in section 3.6, whereas, the optimized fuzzy logic design has been utilized for 

the temperature control technique.  

Earlier, a preliminary study has reported a simple model of extracorporeal circuit 

with the intention to study the removal of thermal energy during HD [20]. However, the 

estimation of venous temperature depends only on dialysate temperature by neglecting 

the blood temperature in arterial line. As the DTCM prototype has to be evaluated 

through in-vitro studies, an extracorporeal thermal energy balance was introduced in 

order to estimate the venous and arterial temperature. The utilization of extracorporeal 
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model is mainly due to the limitation in facilitating medical experiments involving 

patients. The effect of the DTCM prototype was then analysed for various physiological 

and ambient parameters such as patient temperature, gradient of patient’s temperature, 

ambient temperature, blood flow rate, dialysate flow rate, and recirculation.  

 Extracorporeal thermal energy balance model 

An extracorporeal thermal energy balance model of HD was considered for the 

prediction of arterial and venous temperature with respect to active regulation of 

dialysate temperature. In this model, the thermal energy transfer in extracorporeal 

circuit divided into three sections namely arterial side, dialyzer and venous side were 

considered as shown in Figure 6.1. The arterial and venous side energy transfer models 

were developed from a recent study [79], while the thermal energy transfer takes place 

in dialyzer was developed from the proposed COMSOL Multiphysics simulation as 

mentioned in Chapter 4.  

 
Figure 6.1 - Block representation of extracorporeal circuit. 

Initially, an arterial branch of the extracorporeal circuit was considered, which 

leads the blood from the patient to the dialyzer through a tubing with a uniform 
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diameter, à (m) and total length of the tubing, â; (m) such that one dimensional model 

was considered. It was assumed that the ambient temperature, %;ä# (K) is lower than 

the blood temperature, %# (K) and blood flow rate is uniform. Hence, the thermal energy 

transfer, É8,k (W) by the blood flowing in the arterial side based on energy conservation 

equation is given in equation 6.1. 

 É8,k = Ñ ã.à(%# − %;ä#)nå = 	 (ç̇v)# ∙ (%#,è − %$,k)
êë

í
 (6.1) 

Where, ã denotes the overall heat transfer coefficient (W m-2 K-1), ç̇ denotes the 

blood flow rate (kg s-1), v denotes the specific heat capacity of the blood (J kg-1 K-1), %#,è 

denotes the arterial blood temperature and %$,k denotes the blood temperature at the 

inlet of dialyzer. The overall heat transfer coefficient, ã is estimated by using equation 

6.2. 

 
1
ã =

1
ì#
+
îï
∝:

+
1
ì){ó

 (6.2) 

Where, ì# denotes the convective heat transfer coefficient of blood (W m-2 K-1), 

îï denotes the wall thickness of tubing (m), ∝: denotes the thermal conductivity of 

tubing (W m-1 K-1) and ì){ó denotes the convective heat transfer coefficient of the 

environment (W m-2 K-1). 

However, the blood temperature, %# along the path of the tubing was assumed 

to be H.H. Pennes’ revisited equation – Bio Heat Transfer Equation (BHTE), as expressed 

in equation 6.3. 

 uw8 8∗ô =
%#(å) − %;ä#
%$,k − %;ä#

 (6.3) 
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Where, å∗ denotes the characteristic length to be evaluated from equation 6.3 for  

å = â; as shown in equation 6.4. In addition, solving equation 6.1 combined with 

equation 6.3, the characteristic length, å∗ can also be expressed as shown in equation 6.5.  

 å∗ = −
â;

ln W %# − %;ä#%$,k − %;ä#
X

 (6.4) 

 å∗ = ç̇v#ã (6.5) 

 The relation of %# can be estimated in terms of %$,k by solving equation 6.4 and 

6.5. According to equation 6.1, ã and %# can be determined and the other parameters 

are known, and such expression allows %#,è  to be evaluated by non-invasive 

measurement in order to estimate the temperature at the entry of dialyzer, %$,k. 

Similarly, the thermal energy transfer in venous side can also be estimated by the 

same technique as thermal energy transfer in arterial side. Thereby, the venous 

temperature, %#,ö can be determined by the expression of the thermal energy transfer, 

É8,l  by the blood flowing in the venous side as shown in equation 6.6.  

 É8,l = Ñ ã.à(%# − %;ä#)nå = 	 (ç̇v)# ∙ (%$,l − %#,ö)
êõ

í
 (6.6) 

Where âó denotes the length of tubing in venous side and %$,l denotes the 

temperature at the outlet of dialyzer. Since, the tubing in venous side is identical to 

arterial side, the overall heat transfer coefficient was utilized from equation 6.2. Thus, %# 

was estimated through the same method as shown in equation 6.7 and 6.8.   

 
uw8 8∗ô =

%#(å) − %;ä#
%$,l − %;ä#

 
(6.7) 
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 å∗ = −
âó

ln W %# − %;ä#%$,l − %;ä#
X

 (6.8) 

The trend of the thermal energy transfer in dialyzer was analyzed for various inlet 

temperatures and dialysate temperatures in order to determine the dialyzer outlet 

temperature, %$,l as shown in equation 6.9.  

 %$,l = K;%$,k + K#%$ + K> (6.9) 

Where, K;, K# and K> denotes the coefficients of the linear equation of heat 

transfer in dialyzer. However, these gradients can vary for blood and dialysate flow rates 

as mentioned in section 4.3.4. Therefore, the venous temperature, %#,ö can be estimated 

using equation 6.6 by substituting all the other known parameters. Finally, the venous 

temperature can be rearranged in a generalized expression for implementation in 

Simulink as shown in equation 6.10. 

 %#,ö = Kd ∙ Wa
K;
K)
∙ c%#,è + K$eb + K#%$ + K>X + Kú (6.10) 

Where, K$, K), Kd, and Kú are the coefficients in the simplified expression of 

venous temperature expression. The mixed venous temperature, which demonstrates 

the blood back to patient from the extracorporeal circuit and combines with arterial 

temperature resulting in an alternate marker of body temperature, %#. Therefore, the 

body temperature was determined by considering the heat transfer between venous and 

arterial temperature in the body as shown in equation 6.11. The equation is based on the 

conservation of energy with the assumption that both the bloods have identical mass and 

specific heat capacity.  

 %# =
%#,è + %#,ö

2  (6.11) 
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In addition, the blood temperature from the patient’s access does not necessarily 

reflect the mixed venous temperature because of possible access and cardiopulmonary 

recirculation [20]. So, the body temperature, %# requires amending the arterial and 

venous temperature with a recirculation factor,	( as shown in equation 6.12. 

 %# = %#,è W
1

1 − (X − %#,ö W
(

1 − (X (6.12) 

In order to utilize this model in DTCM prototype, the body temperature needs to 

be updated on every cycle as shown in equation 6.13. 

 %#,9 = %#,9wR + ∆%# (6.13) 

The arteriovenous temperature gradient has been evaluated to determine the 

temperature difference between arterial and venous blood as shown in equation 6.14. 

 ∆%è,ö = %#,ö − %#,è (6.14) 

In this way, the estimation of venous temperature and arterial temperature can 

be ensured to compensate the thermal energy transfer in extracorporeal circuit. This can 

be realised by iterating the control algorithms and active regulation of dialysate 

temperature in order to reach the pre-dialysis body temperature.  

 Design and methodology 

6.3.1 Experimental design 

In this chapter, the overall model of the DTCM prototype consisting of initial tank, 

phase 1 and phase 2 as mentioned in section 3.8 has been assembled as shown in Figure 

6.2. The overall hardware design and components of the DTCM prototype were 

mentioned in section 3.6.1. As the initial tank mimics the flow of dialysate at 30°C after 

the preparation, a standalone PID temperature control along with a stirrer was utilized 



 114  

to maintain the uniform temperature in the tank. The standalone controller sends the 

control signal through a solid state relay, which drives the submersible heater in the initial 

tank. However, the accuracy of the controller is limited to ± 0.5°C, which is adequate for 

this purpose. As this study emphasizes on the in-vitro evaluation, water was considered 

to mimic the dialysate fluid. Finally, the final temperature was measured using a 

temperature sensor at final tank after going through active control of temperature 

processes of DTCM prototype. 

 
Figure 6.2 – Experimental setup for in-vitro evaluation of DTCM prototype. 

6.3.2 Phase 1 design 

In this design, the pre-heated tanks contain the fluid at constant temperatures of 

36°C and 38°C respectively. The temperature controller of the pre-heated tanks has been 

accomplished by using the PID control technique as mentioned in section 3.6.2.1. 

Commonly, the PID control signal drives the inflow heaters by means of PWM signal fed 
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into power MOSFETS for each tank. In fact, the pump transfers the fluid from initial tank 

to pre-heated tanks at 250 ml min-1 to extract a decent performance from heaters. 

However, the speed of the pump is determined by the microcontroller through a NPN 

transistor. The circuit of the phase 1 of DTCM prototype consisting of PID temperature 

controller is shown in Figure 6.3. To achieve an optimal performance, the PID parameters 

such as Kp = 180, Ki = 5 and Kd = 90 were chosen for both pre-heated temperature 

controllers as both heaters shows similar specifications. 

 
Figure 6.3 – Circuit diagram for phase 1 of DTCM prototype. 

6.3.3 Phase 2 design 

In this study, the optimal fuzzy logic design was utilized for the phase 2 of the 

DTCM prototype as shown in Figure 6.4. The same design approach has been followed 
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for the fuzzy logic parameters including MFs, rule base and defuzzification as discussed 

in Chapter 5. In HD, the input parameters should be capable of reflecting the 

hemodynamic status of patient and should be measurable by using non-invasive sensors, 

while the output parameters should be adjustable. So, one of the inputs determines the 

error between the target temperature and arterial temperature; other input of FLC 

determines its change in error. Whereas, the output determines the actuator of DTCM 

prototype, which is the control signal of the peristaltic pump. 

 
Figure 6.4 – Optimized fuzzy logic design for DTCM prototype consisting of (a) error input MFs, 

(b) change in error input MFs, (c) pump output MFs and (d) output surface for the Mamdani FIS 

output. 

The overall circuit for the phase 2 of DTCM prototype was constructed as shown 

in Figure 6.5. As the stepper driver requires 5V logic level, a logic level converter has been 

used to convert the 3.3V logic level of Raspberry Pi.  The speed of peristaltic pump can 

be controlled by the PWM signal of Raspberry Pi, which converts PWM signal to analogue 
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signal and then high frequency pulses for the stepper driver. The stepper driver supplies 

the current of 1.9A to the stepper motor with a micro-step of 1600 to transfer the fluid 

evenly with a peristaltic pump head load.  

 
Figure 6.5 – Circuit diagram for phase-2 of DTCM prototype. 

6.3.4 Implementation design 

The DTCM prototype was then implemented by assembling the initial tank, phase 

1 and phase 2 systems along with the thermal energy balance model for extracorporeal 

circuit for its in-vitro evaluation. A similar Simulink model to the simplified temperature 

controller stated in section 5.2.3 has been utilized for the DTCM prototype, which is also 

presented in Appendix A. In fact, the phase 1 systems were implemented in Arduino 

microcontroller and monitored the performance in Megunolink Pro software as 

mentioned in section 3.6.2.1. While, the phase 2 systems were implemented in Raspberry 
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Pi and analyzed the evaluation performance in Simulink environment as mentioned in 

3.6.2.2. Moreover, the thermal energy balance model was defined in Simulink 

environment to estimate the venous and arterial temperatures. The overall flow chart of 

DTCM controller implementation design is shown in Figure 6.6.  

The initial body core temperature was considered as target temperature, because 

the body temperature would change during the treatment. This is due to the 

thermoregulatory mechanism of a body. The same strategy has been applied to set the 

target temperature in Simulink environment. The measurement and calculations were 

continuously repeated at a defined sample time during the experiment and the dialysate 

temperature increases or decreases if any changes in arterial temperature to ensure the 

target temperature is maintained. The effect of body temperature under several cases 

by varying physiological and machine parameters were analyzed. Such cases were 

implemented in Simulink environment for the in-vitro evaluation of the DTCM prototype. 

Normally, the treatment time for a session of hemodialysis would last up to 4 

hours [166]. In this study, the duration for DTCM prototype evaluation was considered 

as 250 seconds. This would be sufficient to emphasize the temperature control under 

various situations except for toxin clearance. The DTCM prototype will commence the 

operation when the PID temperature control reaches a stable temperature.  
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Figure 6.6 – Flow chart of implementation design of DTCM prototype. 

 Results and discussion 

6.4.1 PID temperature control system 

The performance of the DTCM prototype strongly depends on the temperature 

of fluid in storage tanks. Figure 6.7 (a) shows the PID controller response of temperature 

at 36°C throughout the experimental duration. It can be seen that the PID controller 

manages to reach the setpoint and maintain a stable temperature in steady state. The 

oscillatory response was observed at the later stage of steady state, which shows the 
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disturbance caused due to the change in quantity of fluid in 36°C storage tank. Whereas, 

the change in fluid quantity is due to controller behaviour of DTCM. In fact, the steady 

state temperature was found to be fairly stable with a positive deviation of 0.38°C and 

negative deviation of 0.31°C. It should also be noted that the PID controller manages to 

overcome the oscillatory response within a short span of time. The corresponding output 

response of PID temperature controller is shown in Figure 6.7 (b). This indicates an 

adequate performance and controllability for this purpose. 

 
Figure 6.7 – The (a) temperature response and (b) output response for 36°C storage tank. 

Similarly, PID controller response for 38°C storage tank is shown in Figure 6.8. It 

can be seen that the controller has shown a similar performance compared to 36°C 

storage tank with positive deviation of 0.19°C and negative deviation of 0.12°C. Even 

though, the quantity of fluid changes in this tank during the operation of the DTCM, the 

controller manages to eliminate such disturbances. The controller output response for 

the 38°C storage tank is shown in Figure 6.8 (b). 

 
Figure 6.8 - The (a) temperature response and (b) output response for 38°C storage tank. 

(a) (b)

(a) (b)



 121  

In comparison with 36°C storage tank, it can be observed that the time taken to 

reach the setpoint is higher in 38°C storage tank as shown in Figure 6.7 and 6.8. This 

means that the controller of the 36°C storage tank has taken 548.6 seconds, while the 

38°C storage tank has taken 739.3 seconds to reach their respective setpoints. Moreover, 

a similar response from the PID controller was observed for all in-vitro evaluation tests 

carried out for the DTCM prototype. Therefore, these results depict a well-suited 

controller for this purpose due to certain factors such as steady-state performance, 

controllability and repeatability. 

6.4.2 Effect of body temperature with DTCM 

The operation of the DTCM prototype was verified on a real-time environment 

for a pre-defined trend of body temperature. Figure 6.9 represents the system response 

of the body temperature setpoint at 36.5°C and their corresponding venous, arterial and 

dialysate temperatures. In fact, the venous and arterial temperature were estimated 

using the extracorporeal thermal energy model, while the dialysate temperature was 

measured using the temperature sensor. The parameters considered for this case are: 

"# = 300 ml min-1, "$  = 450 ml min-1, %;ä# = 24°C and recirculation = 10%. It has been 

observed that the body core temperature increases due to heat accumulation caused by 

blood volume reduction during HD [18], [33]. Thus, a ramp function was used to define 

the increasing behaviour of uncontrolled arterial temperature. From Figure 6.9, it can be 

observed that the arterial temperature was controlled according to the target 

temperature even though the uncontrolled arterial temperature is on the rise. Most 

importantly, the DTCM prototype has managed to control the arterial temperature with 

a maximum positive deviation of 0.08°C and negative deviation of 0.03°C. This is achieved 
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by an effective active regulation of dialysate temperature throughout the experiment, 

which results in a decrease in venous temperature. Moreover, a series of dead time of 

6.5 seconds was observed for the temperatures, similar to section 5.3.6, which shows the 

time taken to transfer the fluid from storage tank to the temperature sensor in final tank.    

 
Figure 6.9 – Temperature response of DTCM prototype at BT = 36.5°C. 

 
Figure 6.10 – Temperature response of standard dialysate temperature control at BT = 36.5°C. 

In comparison with DTCM, a constant dialysate temperature was considered for 

the same body temperature at 36.5°C. The temperature responses of standard dialysate 

treatments were simulated using extracorporeal thermal energy balance model as shown 
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in Figure 6.10. It can be seen that the arterial temperature has increased up to 36.77°C 

during the experiment. Studies have reported a similar trend of increase in arterial 

temperature during the treatment. In an experiment consisting of nine HD patients 

utilizing standard dialysate temperature, the body core temperature has increased up to 

0.5°C with a "# = 300 ml min-1 [44]. Similar experiments have reported the rise in body 

temperature in the range between 0.18°C to 0.4°C with the use of standard dialysate 

temperature  [65], [74], [167]–[169]. However, the difference in the change in arterial 

temperature also depends on certain parameters such as blood flow rate, dialysate flow 

rate, ambient temperature etc. In the standard dialysate simulation, the arteriovenous 

temperature gradient was found to be -0.94°C, which shows a strong agreement with the 

published experimental data [44], [167]. In fact, the published data have reported the 

temperature gradient between -1°C and -0.5°C under standard dialysate temperature. In 

contrary, these temperature trends were based on the HD treatment duration of about 

4 hours. This is why the uncontrolled arterial temperature was initialized to sharp 

increase unlike HD treatment. Withstanding, the entire treatment of temperature profile 

is been able to demonstrate in lesser duration through the proposed model. Therefore, 

it can be realized that the model for estimation of venous and arterial temperatures are 

in line with the published clinical data.  
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Figure 6.11 –Graphs shows (a) Output response and (b) Arteriovenous temperature gradient of 

DTCM prototype at body temperature = 36.5°C. 

Figure 6.11 (a) shows the output response of peristaltic pumps in DTCM 

prototype, which results in change in dialysate temperature. It can be seen that the pump 

transferring the high temperature fluid reduces the flow once it reaches the setpoint at 

117 seconds. Thereafter, the arterial temperature maintains at the defined setpoint by 

an efficient control of the pumps. It can be inferred that the novel dialysate proportioning 

method benefits the faster response in short duration of experiment as mentioned in 

Chapter 5. This results in an efficient active regulation of dialysate temperature during 

the treatment. Figure 6.11 (b) shows the arteriovenous temperature gradient during the 

experiment. It can be seen that the gradient is in negative value, which indicates the 

thermal energy is removed from extracorporeal circuit resulting in cooling of venous 

temperature. However, the active control of dialysate temperature leads to higher 

thermal energy removal compared to the standard dialysate, which strongly agrees to 

the published literature [44], [68]. In addition, the arteriovenous gradient for the DTCM 

prototype was found to be -1.3°C during the steady state as the venous temperature 

cooled down to 35.2°C. Similar arteriovenous temperature gradient was reported on 

multiple clinical studies based on a temperature-controlled HD using BTM module. 

(a) (b)
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Specifically, Maggoire et al., has reported a vast experimental study consists of 116 HD 

patents resulting in a mean arteriovenous gradient of -0.90 ± 0.4°C and the venous 

temperature at the end of treatment was 35.36°C [66]. In another study, the gradient 

was found to be -1.1°C and the final venous temperature was 35.6°C under an 

experimental study consisting of 13 HD patients with "# = 300 ml min-1 and "$  = 500 ml 

min-1 [68]. In comparison, it can be seen that the DTCM arteriovenous temperature 

gradient was similar to the clinical data. The negligible difference could be due to the 

difference in blood flow rate and dialysate flow rate.  

Multiple HD studies have been performed on the BTM with the intention to 

analyse the hypotensive episodes during the treatment. In T-control mode of BTM, the 

arterial temperature was kept constant throughout the treatment with an accuracy of ± 

0.1°C [18], [19], [28], [68], [71], [170]. In a study consisting of twenty patients, the control 

of arterial temperature were kept stable with the error between -0.07°C and 0.14°C [69]. 

In specific, a vast experimental study of BTM has revealed a mean accuracy of arterial 

temperature of 0.01 ± 0.16°C. The trend in temperature responses of the treatment is 

shown in Figure 6.12 and 6.13 [66]. Significantly, the DTCM control of arterial 

temperature with a very small error by following the real trend of venous and dialysate 

temperature shows a strong potential of the DTCM over BTM. 
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Figure 6.12 – Mean arterial (solid line) and venous (dotted line) temperature changes in BTM 

during HD [66]. 

 
Figure 6.13 – Dialysate temperature changes in BTM during HD [66]. 

6.4.3 Effect of body temperature for various trends of arterial temperature  

According to the literatures, the majority of HD patient’s temperature lies 

between 36.2°C and 36.7°C [20], [33]. Overall, the mean HD patient’s body temperature 

was found to be 36.5°C, which is lower than that of healthy individuals. In addition, the 

body temperature is expected to rise during HD due to certain factors such as reduction 

in blood volume, net energy loss to extracorporeal circuit, production of cytokines etc 

[27]. Hence, the DTCM were subjected to experiment under various physiological body 
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temperature, and different rising trend of body temperature. In this study, the target 

body temperature with a normal rise for 36°C (N36), 36.5°C (N36.5) and 37°C (N37) were 

analysed. In addition, the body temperature of 36.5°C with three different rise slopes; 

slow rise (S36.5), N36.5 and rapid rise (R36.5) were studied. While the experiments were 

performed under constant parameters such as "# = 300 ml min-1, "$  = 450 ml min-1, %;ä# 

= 24°C and recirculation = 10%. 

 
Figure 6.14 – Graph of body temperature error fluctuations for various trends of arterial 

temperature. 

Figure 6.14 shows the steady state error fluctuation of DTCM response under 

these conditions. It can be seen that the maximum error was observed at N36.5 

experiment with a positive deflection of 0.08°C and negative fluctuation of -0.03°C. On 

the other hand, the N37 shows the least error (+0.02°C and -0.01°C) during the 

experiment. Moreover, the DTCM were able to control within a tight tolerance in the 

event of dramatic sudden increase of temperature. This demonstrates the performance 

of DTCM is superior to the current BTM even though with a vigorous response in shorter 
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duration than real HD treatment. The temperature and output response under these 

conditions are shown in Appendix B. 

 
Figure 6.15 – Graph of arteriovenous temperature gradient for various trends of arterial 

temperature. 

The steady-state arteriovenous temperature gradient was observed under these 

conditions as shown in Figure 6.15. This indicates the control of dialysate temperature 

affecting the arterial temperature through venous blood line under different arterial 

temperatures. In the case of different target temperature, the arteriovenous 

temperature gradient was found to be lower in N36 compared to other target body 

temperatures. In fact, the steady state dialysate temperature under these targets were 

%$,ùZû = 35.75°C, %$,ùZû.ü = 36.06°C and %$,ùZ† = 36.69°C. As the dialysate temperature 

plays an important role in the thermal energy removal in extracorporeal circuit, the larger 

difference between the dialysate temperature and target temperature determines the 

arteriovenous temperature gradient. Similar dialysate temperature was found in a recent 

study of individualized dialysate of 0.5°C less than core temperature (36.4 ± 0.2°C), which 

reduces the cardiac complications at dialysate temperature of 35.9±0.2°C [46]. On the 
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other side, studies have reported on shivering and cold sensation due to the 

individualized dialysate control [28], [47]. This reveals that certain patients with constant 

individualized dialysate temperature would result in lesser core temperature leading to 

shivering and other complications. Most importantly, there is no noticeable differences 

in the temperature gradient for different slope of the body temperature as it depends 

primarily on the controller’s response time. Overall, the negative value of temperature 

gradient signifies that the DTCM are capable to prevent heat accumulation for avoiding 

intradialytic complications. 

6.4.4 Effect of body temperature for various blood and dialysate flow rates 

The blood and dialysate flow rates are one of the most vital parameters for the 

hemodialysis efficiency, which differs in patients according to their hemodialysis 

prescription [171], [172]. The common range of blood and dialysate flow rates that suits 

the dialyzer specification were considered for this study. The selected blood flow rates 

were 200 ml min-1 (Qb200), 300 ml min-1 (Qb300), and 400 ml min-1 (Qb 400) by keeping 

dialysate flow rate constant at 450 ml min-1. On the other hand, the dialysate flow rates 

were 350 ml min-1 (Qd 350), 400 ml min-1 (Qd 400) and 450 ml min-1 (Qd 450) with a 

constant blood flow at 300 ml min-1. Thereby, the dialysate flow rates were varied in 

DTCM using duty cycle of 50%, 65% and 80% for Qd350, Qd400 and Qd450 respectively. 

This is in accordance with the calibration data of peristaltic pump as shown in Appendix 

C. Similar to the last experiment, the steady state error fluctuation of body temperature 

control under these conditions is shown in Figure 6.16. It can be seen that the body 

temperature is kept in control with a maximum deflection of (+0.08°C and -0.06°C) during 

the experiment. Among the flow rates, the Qd350 (+0.05°C and -0.06°C) and Qb300 
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(+0.08°C and -0.03°C) shows the maximum error fluctuation compared to other blood 

and dialysate flow rates. The promising error tolerance infers the capability of DTCM in 

controlling the temperature under normal prescription of blood and dialysate 

temperature. 

 
Figure 6.16 - Graph of body temperature error fluctuations for various blood and dialysate flow 

rates. 

Figure 6.17 shows the steady state arteriovenous temperature gradient under 

these conditions. It can be seen that there is no significant difference in the temperature 

gradient by varying blood and dialysate flow rates. The negligible difference of 

temperature gradient in various dialysate flow rate are due to the heat transfer in 

dialyzer, whereas the dialysate flow rate is independent on arterial and venous side 

thermal exchange. On the other hand, the steady state dialysate temperatures for 

Qb200, Qb300 and Qb400 were found to be 36.88°C, 36.06°C and 35.62°C respectively. 

The difference in dialysate temperature demonstrates the temperature loss through 

blood lines at different blood flow rate. In other words, the thermal energy loss has been 
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compensated by active regulation of dialysate temperature in order to keep the body 

temperature constant.  

 
Figure 6.17 - Graph of arteriovenous temperature gradient for various blood and dialysate blood 

flow rates. 

6.4.5 Effect of body temperature for various external factors  

The major external factors such as recirculation and ambient temperature were 

discussed in this section since these factors intervenes the thermal energy balance during 

HD. In this study, the unavoidable recirculation factors such as 5% (Re5), 10% (Re10) and 

15% (Re15) were considered, while above 15% requires an immediate further 

investigation on fistula leading to interruption of treatment [65], [173]. On the other 

hand, the possible ambient temperature of 24°C (T24), 23°C (T23) and 22°C (T22) were 

considered. Figure 6.18 shows the steady state error fluctuation of DTCM response under 

these conditions. The Re15 shows the highest positive deflection (+0.09) among all 

experiments, which illustrates the disturbances due to excess transfer of thermal energy 

between arterial and venous temperatures. Similarly, minimal error deflections were 
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found for various ambient temperature. This shows an impressive performance of DTCM 

under external disturbances. 

 
Figure 6.18 - Graph of body temperature error fluctuations for various external factors. 

Figure 6.19 shows the arteriovenous temperature gradient under various 

recirculation and ambient temperatures. It can be seen that the temperature gradient 

decreases linearly with the increase in recirculation. In fact, the dialysate temperature 

also decreases with the increase in recirculation, which results in a decrease of venous 

temperature and then arteriovenous gradient. As expected, R15 shows high thermal 

energy loss compared to other recirculation. On the other hand, the arteriovenous 

temperature gradient decreases with the decrease in ambient temperature. As expected, 

the venous temperature reduces because of increased exposure to the cooler 

environment. This is in agreement to the results obtained in published literature [17]. 
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Figure 6.19 - Graph of arteriovenous temperature gradient for various external factors. 

A long-term study has revealed a fascinating report on the relation between body 

temperature and mortality in HD patients [15]. In fact, the highest mortality was 

observed in patients with changing body temperature during the period, irrespective of 

baseline body temperature. Whereas, the lowest mortality was found in the group with 

the highest body temperature at baseline and with stable temperature during the 

treatment. Based on several experiments, it can be seen that DTCM has capability to 

control the body temperature during HD within a tolerance of ± 0.09°C. The stable body 

temperature during HD could prevent the chance of heat accumulation and thereby 

intradialytic hypotension and other complications to a great extent as discussed in 

published literature [73], [170]. 

There are some limitations and constraints for this study. Foremost, the DTCM 

performance was evaluated through in-vitro experiments comprising of a proposed 

thermal energy model, since the medical experiments including blood side are quite 

challenging at the initial stage development. Though adequately emphasized on the 

design implementation and evaluation of temperature control, the duration of DTCM 
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experiments was too short and done with less quantity of fluids. This is in consideration 

of constant input soon after the rise of arterial temperature due to the reduction of blood 

volume as mentioned in literatures [27]. Due to the lack in research regarding the rise in 

body temperature, the arterial temperature trend was approximated through simulated 

ramp input [18], [28], [66], [68]. In this study, unlike from typical controller evaluation, 

the rise time was not given importance for the experiments. This is because of the 

priming technique used in HD machine, which starts the treatment after the dialysate 

temperature setpoint has been reached. Generally, the treatment would start after 

reaching the required dialysate temperature at either 36°C  or 37°C [33]. In addition, the 

extracorporeal thermal energy model was based on a single Polyflux 210H membrane. 

Furthermore, low-cost and best-in-class components such as sensors, actuators and 

microcontrollers were utilized as this is initial study on the development of the prototype. 

Unlike other physiological variables, the body temperature has not received much 

attention to improve the hemodynamic stability during HD. To the best of authors’ 

knowledge, an in-depth research on dialysate temperature control and its performance 

were quite sparse even though many studies have reported its importance in HD. The 

main focus on this research is the contribution to create awareness of the importance of 

temperature control in HD, which in turn filled a gap on this field of current research. 

Based on a series of experiments, the DTCM has shown a potential to improve the 

patients’ quality of life and other complications. Furthermore, features such as 

modularity, cost-effective and competitive response time would facilitate with the 

existing HD machine, which would be beneficial for developing countries. Significantly, 

the performance of DTCM is in line with the hypothesis of this research. Yet, more 

research is needed in the field of dialysate temperature controllers especially DTCM 
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under long-term in-vivo experiments using arterial temperature sensors as controller 

input, which would enable the DTCM to operate independently.  

 Conclusion 

In conclusion, the novel dialysate proportioning model comprising of phase 1 and 

phase 2 were formed for the benefit of temperature control in HD. Initially, the initial 

tank has controlled the fluid temperature at 30 ± 0.5°C, which is then fed into the PID 

temperature control system. The temperatures were kept constant on both storage 

tanks at 36 ± 0.38°C and 38 ± 0.19°C throughout the experiment, which is one of the most 

vital part of DTCM performance. There has been no research that has focussed on the 

dialysate temperature control system and in-depths study on its performance. Therefore, 

an extracorporeal thermal energy balance model was validated in order to evaluate the 

performance of the DTCM prototype. In the current dialysate temperature, the 

consequences of rise in body temperature was found to be undesirable. In contrast, the 

DTCM prototype showed a significant response in maintaining the body temperature 

with a very small error tolerance of ±0.09°C. These values were quite impressive even 

with the shorter duration and abrupt disturbances unlike in actual HD treatment. In the 

current study, the DTCM justifies the potential to control the body temperature within 

the specified tolerance under various physiological and other practical experiments. The 

active control of dialysate temperature has showed the decreasing trend in the 

arteriovenous gradient and thermal energy removal in extracorporeal circuit, which plays 

an important role in preventing the heat accumulation. The current study would benefit 

many researchers to contribute further to the development of a dialysate temperature 
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controller, which is an unexplored hemodynamic variable with proven hemodynamic 

stability during the treatment. 
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Chapter - 7 

7 CONCLUSION AND FUTURE WORKS 

 General Conclusion 

The present study illustrates the development of dialysate temperature control 

module (DTCM) with emphasis on control of body temperature during HD treatment. A 

comprehensive study of dialysate temperature controller design and in-vitro analysis of 

body temperature during HD have not been reported elsewhere to date. An innovative 

design of a dialysate proportioning model by varying flow rates was proposed to control 

the body temperature efficiently. In addition, the performance of fuzzy logic control was 

evaluated in real environment for effective implementation in DTCM. Then, in-vitro 

analysis of DTCM prototype under various conditions such as blood flow rate, dialysate 

flow rate, blood temperature, ambient temperature and recirculation were analysed. As 

a result, the effective body temperature control from DTCM could, not only reduce the 

hypotensive episodes but also improves the patient’s quality of life. Hence, the HD 

treatment with DTCM can be introduced into market as it has the potential to minimize 

the intradialytic complications and thereby its associated mortality. 

This study has reported the following significant findings: 

I. The novel design of dialysate proportioning method for DTCM was 

proposed in such a way that it can interface with existing HD machines. 

The prototype of DTCM was developed emphasizing on temperature 

parameter, which implies that only well-prepared dialysate will enter into 

DTCM prototype. Unlike conventional heaters, the DTCM employs two 

different temperature tanks flowing at different flow rate for effective 
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temperature control. The design of DTCM prototype has shown the 

potential for the current society.  

II. The heat transfer in a dialyzer showed a trend in temperature profile 

across the membrane and the blood temperature has decreased up to 

1.16°C under cool dialysate. The loss of blood temperature could be one 

of the consequences of venous temperature cooling as reported in 

literature.  However, the heat transfer in a dialyzer was then deduced in 

terms of linear equation under various conditions. This would help in 

estimating the overall heat transfer in extracorporeal circuit in HD as well 

as arterial and venous temperatures.  

III. The FLC based temperature controller was implemented in Raspberry Pi 

microcontroller and optimized through numerous real time experiments. 

The fuzzy logic design with symmetrical rule base and highest number of 

overlapping triangular membership functions was found to be optimal 

performance compared to other designs. However, the performance 

indices of optimized design were fairly similar for both Mamdani and 

Sugeno FIS without any large effect in the response time as cited in 

literature (IAE: 68.74 and 66.93; ISE: 184.92 and 179.56; ITAE: 2489.5 and 

2246.8 for Mamdani and Sugeno FIS respectively). Moreover, the 

optimized design shows remarkable improvement in accuracy (± 0.125°C) 

and response time compared to the accuracy (±  0.5°C) in published 

experimental study. 

IV. At the initial processes of DTCM, the accuracy of PID temperature control 

storage tanks were reported within ± 0.38°C. Under standard dialysate 
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trial, the estimated arterial temperature showed an increase up to 

36.77°C and arteriovenous gradient as 0.94°C, which are in line with 

published literature. This validated the overall extracorporeal thermal 

energy model incorporating the heat transfer in dialyzer. 

V. BTM reported a mean tolerance of ±  0.16°C under various experiments 

and it showed a substantial reduction in intradialytic complications. In 

comparison, the active control of dialysate temperature in DTCM showed 

a slight improvement in error tolerance of ± 0.09°C during the in-vitro 

experiments. However, even the slight improvement over BTM may result 

in significant impact on long-term mortality. 

 Future works 

The studies carried out have revealed that the development of DTCM prototype 

could be beneficial for maintaining body temperature and thereby reducing intradialytic 

complications during HD treatment. The potential of DTCM thus developed could be 

further explored to provide a commercialized dialysate temperature controller for 

healthcare industry. Therefore, the following future works are recommended: 

I. Analyse the DTCM prototype performance for entire HD treatment 

duration (up to 240 minutes) including entire quantity of dialysate fluid. 

Similarly, in-vitro experiments with BTM will be beneficial in determining 

an in-depth comparison of performances.  

II. Implementation of FLC in high-performance industrial controllers for 

DTCM in order to interface with HD machine with maximum durability. In 
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addition, implementation of medical grade sensors and actuators will be 

advantageous for further evaluation. 

III. Analyse the performance of DTCM through in-vivo studies independent of 

extracorporeal thermal energy model. Therefore, the body temperature 

including arterial and venous temperatures can be acquired using the non-

invasive temperature sensors. This would help to validate clinically the HD 

treatment with DTCM. 

IV. From section 4.3.4 of this thesis, it is shown that the heat transfer 

equation of dialyzer is limited to a single product. Even though, there are 

many commercially available dialyzers, it was selected according to the 

available adequate data for validation. Thus, the expressions for different 

dialyzers from different manufacturers would be valuable to generalize 

the heat transfer in a dialyzer.  

V. Pre-commercialization studies consists of cost analysis, statistical analysis, 

durability, compact design, easy-interface with other HD machines, etc., 

of DTCM would be beneficial to provide economical treatment and global 

awareness for HD patients especially in third world countries. 
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9 APPENDICES 

 Appendix A - DTCM Simulink model 

 
Figure A 1 – Overall Simulink model of DTCM prototype.
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Figure A 2 - Estimation of venous temperature model of DTCM prototype. 

 

 
Figure A 3 - Estimation of arterial temperature model of DTCM prototype. 
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 Appendix B - Temperature and output response of DTCM  

under various conditions 

 

Figure B 1 – Temperature response of DTCM under various patient’s temperature. 

 

Figure B 2 - Output response of DTCM under various patient’s temperature. 

(a) (b)
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Figure B 3- Temperature response of DTCM under various trend of patient’s temperature. 

 

Figure B 4 – Output response of DTCM under various trend of patient’s temperature. 
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Figure B 5 - Temperature response of DTCM under various dialysate flow rates. 

 

Figure B 6 - Output response of DTCM under various dialysate flow rates. 
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Figure B 7 - Temperature response of DTCM under various blood flow rates. 

 

Figure B 8 – Output response of DTCM under various blood flow rates. 
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Figure B 9 - Temperature response of DTCM under various recirculation factor. 

 

Figure B 10 - Output response of DTCM under various recirculation factor. 

(a) (b)
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Figure B 11 - Temperature response of DTCM under various ambient temperature. 

 

Figure B 12 - Output response of DTCM under various ambient temperature. 

 

(a)

(c)

(b)
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 Appendix C - Calibration of peristaltic pump 

 

Figure C 1 – Graph of peristaltic pump calibration with duty cycle via Simulink. 

 

Figure C 2 - Rotameter readings for Qd450, Qd400 and Qd350 showing the flow rate in ml min-1. 
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