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Abstract
Solution to challenges facing current and future engineers often requires a holistic approach which mandates a wide 
range of skills. These skills do not know discipline boundaries and therefore present educators with a challenge as 
well – how to accommodate this relatively recent demand for a multidisciplinary training .On one hand, and on the 
other, do it well within the limited resources that perpetually plague universities. For example, while Mechanical 
Engineering does provide a wide base of interdisciplinary skills, specialist courses have evolved from it, such as 
Robotics,  Mechatronics, Engineering  Construction, Project Management, Biomedical Engineering to mention a 
few. It seems to these authors that Mechanical Engineering provides the most appropriate base upon which specialist 
knowledge may be built in an adaptive fashion at the workplace. This approach would also reinforce the basic role of 
an educational institution – to provide fertile basis upon which to build future specializations. Until such times when 
this approach becomes commonplace, Postgraduate Training fulfils that need. This paper focuses on such a case by 
discussing the approaches needed to understand the mechanics of Hyperthermic Ablation of Tumours.               
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Introduction
Nowadays, engineering provides a wide base of interdisciplinary skills in order to satisfy the recent demand of mul-
tidisciplinary training. Since decades ago, Mechanical Engineering has been evolved to produce various specializa-
tion including Robotics,  Mechatronics, Engineering  Construction, Project Management, Biomedical Engineering 
to mention a few. From the authors’ point of view, Mechanical Engineering is considered as a core discipline from 
where an adaptive fashion at workplace can be built. In connection to this paper, this is sponsoring the development 
of tools that can be applied in critical medical situations including research studies, clinical trials, diagnosis, and 
treatment. However, the application of such technique must consider the associated effects on patients. Thus, bio-
medical engineers have to understand a number of scientific disciplines and establish relationships among them to 
solve difficult problem that may confront the specialists in various treatment circumstances.

From the oncology study, treatment of tumours remains a crucial area for researchers. Accordingly, an analysis of 
propagation of thermal interface in tumour tissue subject to hyper-thermal necrosis takes place at the University of 
Western Sydney. The development of a mathematical model is an integral part of this study to quantify temperature 
distribution field. This study may also use aspects of molecular dynamics (MDs) simulation to examine the mecha-
nism of thermal wave propagation.          

It can be seen that this research requires a solid background in various areas. In relation to biomedical engineering, 
this paper considers tumour treatments as domain problem and hyperthermia is main area of investigation. With 
respect to engineering education, this paper covers all scientific areas examined in this study in order to engage 
undergraduate students. This paper is organized as follows. Section I gives a brief introduction to Hyperthermia. Sec-
tion II provides a brief overview of the research problem. Section III shows different components of this research. In 
Section IV, it is proposed the use of differential equation in mathematical bioheat transfer model with some theoreti-
cal outline. Shape discretisation is addressed in section V. In Section VI, we proposed the incorporation of molecular 
dynamics (MDs) simulation to provide a deep understanding of heat transfer and phase change processes. Finally, 
section VII is just to conclude.     



THERMAL ABLATION THERAPY
One of the effective aggressive treatments of tumours is to elevate its temperature in a controlled manner giving rise 
to cell apoptosis and tissue necrosis. The use of extreme temperature to kill tumours (i.e. irreversible necrosis) is not a 
new concept. However, preserving the normal cells has been exploded in the recent years. The thermal ablation ther-
apy, Hyperthermia [1] has been used extensively in the past, but fell into disrepute owing to gross unwanted collateral 
effects that inevitably accompanied such a treatment. This is attributed to the inadequate temperature distribution due 
to the chaotic structure of tumour tissue. In particular, tumour has a rich vascular supply acting as heat sinks, which 
resist heat propagation. Thus, heat transfer in living tissues is a complex process involving conduction, convection, 
and metabolism. However, the advent of digital imaging and novel sources of heat and their improved control, has 
seen re-emergence of the hyperthermic treatment. The latest technology helped minimize such side effects. However, 
they were not completely eliminated. Concerning this issue, an accurate bio-heat transfer modelling has to precisely 
quantify the temperature distribution within a complex geometry of a tumour tissue, in order to optimize side effects 
and recurrence of the disease in the future. Hence the examination of effective energy propagation within a volume 
of interest (VOI), i.e. tumour tissue, is an integral part of treatment procedure.

In addressing heat transfer problem in tumour tissue subject to necrosis, this paper also postulates an advanced 
study of molecular dynamics (MDs) analysis in the hope of enhancing the thermal ablation therapy: hyperthermia. 
This approach aims to provide benchmarks for bioheat transfer mathematical models, perhaps quantify deviations 
from macroscopic approaches at the scale of very thin (nanometer) films. From this, we obtain a comprehensive 
understanding of hyperthermic treatment in sense of temperature distribution, hence trying to optimize collateral 
damage.

PROPOSED ONGOING RESEARCH
Application of hyperthermia in treatment of tumours was established in the seventies, peaking in the eighties, and 
decreasing in the nineties [1]. The collateral damage accompanied such treatment represents a crucial challenge for 
research studies and clinical trials due to misdirected heat delivery. Recently, this type of treatment has witnessed a 
significant progress depicted by the use of digital imaging and minimally-invasive heat sources to enhance heat prop-
agation control. However, this progress lacks to numerically approximate temperature distribution field (e.g. T(x,y,z) 
in the Cartesian coordinate system) of the time-dependent phenomena. Thus patients who undergo hyperthermic 
treatment remain subject to side effects and complications. Consequently the examination of energy propagation 
within a volume of interest (VOI) is an integral part of treatment procedure. 

Accordingly, bio-heat transfer mathematical modeling had been recently adopted by researchers in order to optimize 
unwanted damage to healthy tissue. A major challenge facing such a model is that heat transfer in living tissue is a 
complex process involving complex process conduction, convection, and cell metabolism. Therefore, the accuracy 
of a model can be measured by its ability to convey the realistic geometrical structure and biological environment 
for tumour. 

Analysis of propagation of thermal interface in tumour tissue subject to hyperthermal necrosis is ongoing research 
in the University of Western Sydney. Necrosis or death of cancer cells procedures at high temperature requires a 
precise treatment of tumour tissue. The ultimate aim of hyperthermia is to elevate the temperature of affected tissue 
to beyond a therapeutic value (>50o) while maintaining surrounding normal tissue at sublethal temperature values 
[2-4]. However, the collateral damage accompanied such treatment represents a crucial challenge for research studies 
and clinical trials due to inadequate heat delivery. This can be attributed to the inaccurate imaging of the topological 
surface of the tumour tissue that causes undesirable side effects rather than benefits to patient undergoing hyperther-
mic treatment [5, 6]. Subsequently, one of the major problems of this procedure is the recurrence of the disease after 
treatment due to insufficient heating of tumour [7, 8]. 

The objective of this research is to optimize hyperthermic procedure by simulation & imaging of the temperature dis-



tribution before surgery that will serve as the basis for optimization of the proper probe placement at the targeted site. 
In this context, it is planned the development of an accurate mathematical model to predict temperature distribution 
field with incorporation of blood perfusion information both as a steady state phenomenon and time dependent ther-
mal wave propagation. Depending on its strength, the latter may give rise to tissue necrosis and thus be also viewed 
as a propagation of a phase change interface. Hence, heat transfer in living tissues is a complex process involving 
conduction, convection, and metabolism. 

Arising from this discussion, it can be seen that this research is a multidisciplinary area. With respect to engineering 
education, this paper covers various scientific areas in order to engage undergraduate students.

MANAGEABLE COMPONENTS
By addressing the complex structure of the tumour tissue, this research project is divided into manageable com-
ponents including bio-heat transfer formulation, discretisation of tumour tissue, and then application of gathered 
knowledge. The latter may lead to prospects of commercial application and patents (i.e. generating 3D algorithm that 
combines data depicted in a 2-D image taken from two different angles). In order to determine temperature distribu-
tion field within a living tissue exposed to high temperature a discretisation approached will be followed such as the 
finite element method (FEM). Currently, there is a dedicated effort to generate an accurate mathematical model with 
incorporation of blood perfusion information. This component is well represented in the following section.

MATHEMATICAL BIOHEAT TRANSFER MODEL
This study is investigating into the development of an accurate mathematical model to predict temperature distribu-
tion field with incorporation of blood perfusion information both as a steady state phenomenon and time dependent 
thermal wave propagation. Depending on its strength, the latter may give rise to tissue necrosis and thus be also 
viewed as a propagation of a phase change interface. Three processes are involved in modeling energy propagation: 
conduction, convection, and metabolism. The major advantage of this combination is to introduce students to these 
processes and how to apply them in real situation using theoretical analysis.   

Traditionally, feedback of temperature propagation inside a volume of interest (VOI) was given by invasive monitor-
ing [9]. Thus, limited knowledge can be deduced concerning temperature distribution field. Therefore, in addition to 
the experimental approach [10-16],  mathematical modeling has been introduced as an integral approach to enhance 
treatment procedure in which three-dimensional information of temperature can be recorded [17].

The theory of heat flow has been initially evaluated by Pennes (1948) to quantify the relationship between arterial 
blood and tissue temperature in the resting human forearm [18]. Many research studies have incorporated Pennes 
equation to measure temperature distribution during hyperthermic treatment [18] [19] [20]. Pennes’ equation is de-
fined as follows: 

(1)

From the left hand side of the equation, the first term refers to net conduction heat flux (W/m2) into the control vol-
ume (i.e. tissue). The second term represents the rate of heat transfer from blood to tissue (W/m/s). Finally, the third 
term is the rate of tissue heat production. The time rate at which thermal energy of the tissue changed per unit volume 
is represented by the right hand side term (J/m3/s).

The chaotic structure of tumour tissue is the cause of inadequate heat transfer from induced hyperthermia treatment. 
Therefore, it can be seen in (1) the combination of three terms of heat transfer process at the left hand side: conduc-
tion, convection, and metabolism. The conduction term is included in order to quantify heat flux within the tissue 
regardless blood perfusion. Conduction is viewed as transfer of energy from the more energetic to the less energetic 



particles of the living tissue due to interactions between the particles. This is followed by another term to measure 
the resistance of blood vessels to heat transfer. Blood perfusion within a living tissue is governed by the convection 
mode that moves from one position to another due to blood motion. Finally the third term represents the metabolic 
of the chemical substance reaction.     

DISCRETISATION
Finite element method (FEM) is one of the most commonly used numerical procedures to obtain solutions to a large 
class of engineering problems. As a consequent, the solution domain is divided into a number of smaller regions, 
called elements. Thus, the continuum problem is simplified with FEM discretization. As resultant, it is also reduced 
to a finite number of unknowns at specified points referred to as nodes. In FEM, the behavior of a field variable 
within an element is called interpolation functions, shape functions, or approximating functions [21, 22]. The com-
plete solution is then generated by assembling the individual solutions, allowing for continuity at the interelemental 
boundaries. FEM uses integral formulation to create a system of algebraic equations. This numerical approach is 
originally used in stress analysis until recently; it also finds its usefulness in heat transfer, fluid flow, electric magnetic 
field, and etc.
In connection to our study, finite element analysis (FEA) is used to determine an approximate solution for bio-heat 
transfer problem from nanoparticles heat source into liver tissue. Since that, FEM is widely used for modelling of 
soft tissues [23, 24] i.e. liver. This can be attributed to the high demand of researchers for supporting techniques to 
simulate surgeries, particularly of deformable models, for training in virtual environments. Concomitant with this, 
we choose the liver as solution region in which temperature distribution is discretized. The thickness of the layer of 
tissue coagulation form around the nanoparticles is an integral part of this study, stated as the physical problem. The 
last is denoted as the start point to establish the numerical model designated in the figure below. It can be seen, that 
one part of the model deals with the discretization of the domain and the other carries out the discrete approximation 
of the partial differential equations. Finally, by combining both, the numerical solution to the problem is achieved.

The following example shows the benefit of using mathematical model to simulate thermal behavior in biological 
system.

FIGURE 1: Damage in tumour model tissue

MOLECULAR DYNAMICS (MDS) SIMULATION
In this section, authors aim to involve engineering students in more advanced study concerning heat transfer. Propa-
gation of thermal energy within a given matter is originally attributed to atomic/molecular motion [25] in form of 
vibration or migration of free electrons. Temperature is only an indication of the energy level. Therefore, molecular 
dynamics (MDs) simulation is theoretically outlined below.   



In the context of our study, front phase change or gel formation corresponds to the thermal tissue coagulation in 
the field of treatment of tumours. Such correspondence will guide the design for a successful molecular model for 
biological tissue. Modeling, prediction, and simulation of behavior of assembly of finite number of molecules (N) 
require detailed information about intermolecular interactions. Accordingly, it is essential in MDs to emphasize the 
motion of individual particle (atoms or/and molecules) within an assembly of N atoms or molecules. From this, the 
dynamical theory employed to derive the equation of motion is the Newtonian deterministic dynamics. Consequent-
ly, the particles are assumed to be like points, are moved according to the Newton’s equation of motion, given by: 

(2)

where Fi is the force coming from the interparticle interaction.

Following this discussion, the proposed potential interaction model is defined as:

(3)

The Lennard-Jones interaction potential acts between any pair of particles separated by a distance less than rc = 2.5_. 
The FENE bonding potential [23] acts only between adjoining particles, and has the effect of limiting the bond length 
to R0. The parameters in the FENE potential are taken to be R0= 1.5_ and k = 30 _ /_2, following Kremer and Grest 
[24]. The energy barrier is numerically approximated to 13.65KbT at ri =0.8636_ pair separation. The characteristic 
time for particle dynamics is defined by the LJ parameters, _ = SQRT(_ /m_2), where m is the particle mass. In the 
study, all the dimensions are given in LJ units where _ is the unit of length; _ is the unit of time, and _ the unit of 
energy. Diagram below (Fig. 4) shows the interaction potential versus distance among particles creating bond then 
crossing energy barrier.

FIGURE 2: The Potential Interaction during the Gelation Process. (Dimensions Expressed in Lennard-Jones Units)

CONCLUSION
This paper provides an overview of the heat transfer mechanism focusing on bio-heat and its role in the palliative 



medicine. Hence, aspects of hyperthermal treatment have been introduced in the context of biomedical engineering 
education. A significant attention has been given to fundamental and theoretical basis of this multidisciplinary area 
including heat transfer, mathematical modeling, discretisation, and molecular dynamics (MDs) simulation. It also 
shows the need to connect research with education of undergraduates.

Finally, the specific educational spin-offs that come from this research project are widely recommended to be in-
tegrated into the curriculum. Adaptive curriculum and the need to be relevant-readiness to create new academic 
offerings in place of old is an integral trend (e.g. Place of a Biomedical Engineering discipline in UWS academic 
offerings.)
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