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ABSTRACT 

Bio-impedance spectroscopy has been increasingly used for medical and food 

industrial applications as it provides information about cellular structure, 

composition and integrity of cell membranes of biological samples.  

This study is focused on analysing how bio-impedance spectrum is affected by 

cellular structure (cell deformation, shape and orientation) and the integrity of 

cell membranes during the frozen-thaw injury process. 

Two measurement systems were designed and built: contact-electrode 

measurement and non-contact induction measurement system. For the former, 

the frequency range of measurement is 10 kHz to 10 MHz while the frequency 

range for the latter is 400 kHz to 6 MHz. Both systems can detect the change 

in impedance spectrum of biological samples (potato and meat) caused by the 

poration of the cell membranes during the frozen-thaw injury process. 

A finite element method (FEM) simulation solver was built and applied for the 

simulation of BIS. Specifically, the poration of the cell membrane was 

simulated and it was proved to cause the increase in equivalent conductivity of 

the cell membrane and this is in agreement with the experimental observation 

carried out in this thesis work and previous studies reported in literature. The 

shape and orientation effect of the cell was also simulated and the results were 

explained with physical insights.   

In addition, a new acceleration method for simulating thin cell membrane 

based on FEM was proposed and implemented. The modelling method 
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accelerates the computing progress by reducing the number of meshing 

elements without reducing the accuracy of the simulation in a significant 

manner in comparison with analytical solutions. The accuracy of the 

acceleration modelling (reduced-mesh model) was also validated by the 

full-meshed FEM model to be within 0.4%-2% while the simulation time was 

reduced up to 25%. 
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1 Introduction  

1.1 Motivation  

Biological samples exhibit a frequency dependent impedance spectroscopy 

which indicates the structural and composition information of the samples [1]. 

The structural information is mainly contained in β-dispersion, a dispersion of 

the impedance spectroscopy which operates at a radio frequency ranging from 

10 kHz to 10 MHz. Thus, analysing bio-impedance spectroscopy, especially 

β-dispersion, has been applied in many medical and industrial applications 

such as food quality inspection [2]. 

The quality and safety of food have increasingly attracted public concerns and 

attentions. The quality of food has been highly topical for many years in area of 

food industries, public debates and researches [3]. Although considerable 

previous work has been published in measuring and simulating the 

bio-impedance spectroscopy, there are still significant issues, such as the 

mechanism of frozen-thawed injury to biological food samples and the 

corresponding measurement systems and simulation models, which need 

further research and investigation. 

This work is focused on analysing frozen-thaw effect which is considered as 

one of the most common factors that influence the quality of food including 

meats, vegetables and fruits. Bio-impedance spectroscopy (BIS) 

measurement is a fast and effective way to analyse the frozen-thaw effect. Two 
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different BIS systems, a contact-electrode system and a non-contact induction 

system, were built to measure the bio-impedance spectroscopy of the 

frozen-thawed food samples. In addition, a modelling based on finite element 

method (FEM) is proposed to validate the measurement results.  

The conventional FEM modelling is a thin shell bio-cell model which requires a 

large number of meshing elements and leads to a massive calculation work. In 

order to simplify the calculation process and reduce the calculation time, a new 

acceleration method for the thin shell bio-cell model is proposed. This 

acceleration method is validated by analytical solutions. Further applications 

on other thin shell models are investigated and designed.  

 

1.2 Aims and objectives 

The aims of the study are to produce and analyse BIS of food samples by 

building measurement systems and modelling methods. The objectives of the 

study include: 

 1, To distinguish the frozen-thawed food samples from fresh food samples 

by analysing bio-impedance spectroscopy. This thesis intends to build up two 

measurement systems, one contact-electrode system and one non-contact 

induction system, to measure the BIS of biological food samples. 

 2, To seek a modelling method for frozen-thawed biological samples based 

on FEM. The modelling method is used to analyse the mechanism of how 
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frozen-thaw injury influence the BIS of food samples. 

 3, To develop an acceleration method for a thin shell cell model based on 

finite element method. This acceleration method can potentially be applied for 

other thin shell models.  

 4, To analyse the influence of the cell structure on the BIS of food samples, 

including the cell shape deformation, cell membrane thickness and cell 

orientation. 

1.3 Technical difficulties 

There are several research problems and technical difficulties to achieve the 

research aims. 

 

1. A FEM solver based on Matlab code was built to produce the BIS of food 

samples. It requires a large amount of programming and computational 

work. In addition, there are challenges on building appropriate FEM model 

for frozen-thaw effect and deriving a calculation method to obtain the BIS of 

the designed FEM model.  

 

2. Because the electrical signal detected from the food samples is small, the 

sensitivity and accuracy requirement for the measurement system are 

extremely high. The sensor needs to be elaborately designed to meet the 

sensitivity and accuracy requirement. The measurements need to be 
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repeated numerous times to eliminate the random error.  

 

3. Designing an entire control-experiment for analysing the frozen-thaw effect 

requires meticulous works including food preparation, pre-treatment on 

food, slides preparation and BIS measurement. Every step needs to be 

rigorously designed and implemented (e.g. temperature and frozen-thaw 

time control for food preparation, micro-section of food samples, designing 

front-end circuit and sensitive sensors for the measurement system.) 

1.4  Contributions 

 

This thesis has made significant contributions in several areas of 

measurement and FEM simulation of BIS. 

 

1. The influences of cell structure (including membrane thickness and cell 

shape) on the BIS were analysed with FEM. There was little research on 

the relationship between cell structure and BIS, hence this work has made 

a significant contribution on the bio-impedance analysis. 

 

2. Proposed a FEM modelling technique for analysing the mechanism of how 

frozen-thaw injury influences the BIS of biological samples. The proposed 

model has been validated by impedance measurements and microscopic 
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experiments. 

 

3. Proposed a modelling method based on 3-D FEM. This model is suitable 

for analysing the eddy current of non-contact induction measurement of 

bio-samples. The BIS can also be calculated using the proposed model.  

 

 

4. Proposed an acceleration method for a thin shell FEM model. The 

acceleration method can reduce the meshing element and thus the 

computing time. This method is validated by simulations on a cell model 

and it can potentially be extended to other thin shell models.  

 

1.5  Organization of the thesis  

Chapter 1 introduces the motivation, aims, contributions and the novelty of the 

thesis. In addition, the outline of the thesis is presented. 

 

Chapter 2 presents the background of BIS, including the basic mechanism of 

dielectric dispersion, the types of dispersion on bio-impedance spectroscopy, 

and the measurement system for measuring BIS. In addition, the application of 

bio-impedance spectroscopy on medical and food industrial is introduced in 

this section. 
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Chapter 3 describes the supporting theory of the analytical solution for cell 

suspension model, the basic theory of finite element method and simulation 

models for cell suspensions. It also introduces the basic theory of how to 

calculate the conductivity spectroscopy of a non-contact induction 

measurement system. 

 

Chapter 4 demonstrates the simulation results of how cellular structure 

influences the bio-impedance spectroscopy. The cellular structure, including 

the cell shape, cell orientation and cell membrane thickness, is simulated 

based on finite element method. The simulation results are validated by the 

analytical solutions. 

 

Chapter 5 introduces a contact electrode measurement system for measuring 

bio-impedance spectroscopy. The mechanism of the frozen-thaw injury that 

influences on bio-impedance spectroscopy is discussed in this section based 

on the measurement and simulation results. In addition, a microscopic 

experiment is carried out to validate the measurement and simulation results. 

 

Chapter 6 describes a non-contact induction measurement system for 

measuring bio-impedance spectroscopy. A finite element based modelling 

method is proposed to simulate the frozen-thaw effect on biological samples. 
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Analytical solutions and microscopic experiments are carried out to validate 

the measurement and simulation results.  

 

Chapter 7 introduces an acceleration method for thin shell bio-cell modelling 

based on finite element method. The acceleration method is applied to 

two-dimensional (2-D), three-dimensional (3-D) and cell shape deformation 

models. This method is validated by measurement result and analytical 

solution. 

 

Chapter 8 concludes the findings and works accomplished in this thesis. The 

future work is recommended. 
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2 Background of bio-impedance spectroscopy 

2.1 Introduction  

It has been known for decades that the impedance spectroscopy of biological 

samples, while measured over a range of frequencies using time varying 

electromagnetic field, contains information about the physical, chemical or 

cellular properties of the samples [4] [5] [6]. Theoretically, the biological 

samples display a specific impedance spectroscopy based on the geometry 

structure and dielectric properties of cell membranes. The characteristics of 

BIS, in return, reflect geometry and electrical information of the biological 

samples. The biological impedance spectroscopy (BIS) [7] [8] [9] has been 

widely investigated for medical applications such as detection of tumour [10] 

and cerebral stroke [11] and electroporation treatment [12]. BIS has also been 

used for food industry applications. For example, it has been proposed for 

quality inspection of meat, vegetables and fruits [13] [14] [15]. In addition, it 

has also been used to monitoring the growth of yeasts [16] [17] [18] and the 

process of brewing [19]. 

BIS has mainly been performed by injecting current by electrodes placed on 

the biological samples but less so with inducing eddy currents in the biological 

samples by coils. The first method is to calculate the impedance of the 

biological samples by measuring the surface potential difference between 

electrodes and the current through them. This measurement method is fast 
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and effective. However, the polarisation of electrodes, which gathers charges 

on the surface of electrodes, produces an electrical field against the applied 

field lead to significant errors at a low frequency.  

The second measurement method is a non-contact magnetic induction method. 

Eddy currents are induced in the biological samples by coils and the 

impedance spectroscopy is measured by detecting the resulting magnetic field 

/ induced voltage.  

 

2.2 The electromagnetic characteristics of cells 

 

It has been found that the most bio-cells consist of three parts: cell membrane, 

cell nucleus and cytoplasm. The cell membrane primarily consists of 

phospholipid and proteins which are low-conductive. The cell membrane is 

used to separate the extracellular fluid from the intracellular fluid. The 

intracellular fluid consists of cell nucleus and cytoplasm which are the heredity 

and control centre of the cell. Every cell nucleus contains the genetic materials, 

deoxyribonucleic acid (DNA), which is enclosed by a nuclear membrane. The 

cell nucleus determines the function, shape and structure of the cell. The 

cytoplasm is a highly conductive fluid surrounded around the nucleus. It 

provides a platform for metabolism of the cell [21].  

Every single cell is an integrated and complicated system. In order to simplify 
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the cell model for analysing its electromagnetic characteristics, a single cell 

model has been proposed by Asami [4] as shown in Figure 2-1. In Asami’s 

model, the bio-cell consists of highly conductive intracellular (including cell 

nucleus and cytoplasm), extracellular fluid (consist of aqueous electrolytes) 

and low-conductive membranes as shown in Figure 2-1. 

 

Figure 2-1: single-shell cell structure model 

 

The single-shell cell model ignores the organelles since those have only little 

influence on the electrical behaviour. All the intracellular substances including 

cell nucleus and cytoplasm are considered as intracellular fluid which is highly 

conductive. The intracellular fluid mainly contains inorganic ion, water, amino 

acid and macromolecular protein which can be electrolysed into electric 

dipoles [22]. Since the cells cannot be exposed to the nature environment 

directly, the nutrition transfer is completed by the interaction between 

intracellular and extracellular fluid. 
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The extracellular fluid can be regarded as saline solution which consists of 

water, inorganic salt and other metabolite. Extracellular fluid provides the living 

environment for cells which refers to Pondus Hydrogenii (PH) value, saline 

concentration and so on. 

Cell membranes separate the intracellular and extracellular fluid. However, 

water and some micro-molecular proteins can exchange between intracellular 

and extracellular fluid through membranes. This is because membranes are 

permeable selective due to the structure of itself [23]. Membranes primarily 

consist of phospholipid and proteins as shown in Figure 2-2. 

 

 

Figure 2-2: structure of membranes 

 

Figure 2-2 illustrates that the phospholipids of cell membrane are arranged in 

sequence. Each phospholipid contains hydrophilic and hydrophobic groups. 

The hydrophilic groups are heading towards extracellular and intracellular fluid 

while hydrophobic groups are pointing to the inner side of membranes [24]. 
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This refers to the basic function of membranes that separates the cells from 

external environment. The proteins shown in Figure 2-2 are inserted into the 

phospholipid. Those proteins work as channels that allow water and 

micro-molecular substance exchanging between extracellular and intracellular 

fluid. Some proteins only identify specific amino acid and nucleotide which 

makes the membranes permeable selective. 

Due to the permeable selective characteristic of membranes, negative and 

positive ions can be accumulated around membranes as shown in Figure 2-3. 

 

 

Figure 2-3: the charge distribution around membranes 

 

Figure 2-3 shows that negative and positive ions are separated by cell 

membrane which is low-conductive. Therefore, the ions surrounded around the 

cell membrane behave as capacitance. The electrical characteristic of 

membrane is assumed to be large resistances in parallel with capacitances [25] 

[26] as shown in Figure 2-4. 



29 
 

 

 

 

Figure 2-4: equivalent circuit of membranes 

 

At a low frequency, the membranes have a significant large resistance 

compared with the fluid. So membranes can be viewed as isolator at a low 

frequency and blocks the current flow from the extra-cellular fluid to 

intra-cellular fluid. When the frequency becomes high, the capacitances 

function as a short circuit and the membranes becomes conductive and 

electrically invisible [27]. 

 

 

2.3 Dielectric relaxation of cells 
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There are many different kinds of electric dipoles in the intracellular and 

extracellular fluid. Proteins and DNA can be electrolysed into ionic groups or 

electric dipoles. Inorganic solutions contain inorganic ions that constitute 

dipoles.  

Dielectric relaxation describes a phenomenon that the permittivity decreases 

when the frequency of applied electric field increases at a certain range. The 

relaxation occurs when the electric dipoles are not able to reverse at the same 

rate with the frequency of applied field [28], as shown in Figure 2-5. 

 

 

Figure 2-5: dipoles reversing with applied electric field 

 

 

When applying a static electric field, the electric dipoles will point to a certain 

direction. Changing the direction of the applied field would reverse the electric 

dipoles. If the frequency of the applied field is low, there will not be dispersions 

since the dipoles can follow the change of applied field perfectly. However, 
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when the frequency of the field becomes higher, the electric dipoles cannot 

follow the rate of the field. And the electric dipoles would produce an induced 

electric field to reduce the applied field. The dielectric relaxation occurs and 

behaves as dispersions on the permittivity as shown in Figure 2-6. The electric 

dipoles will stop reversing when increasing the frequency of the applied field to 

infinity. 

 

 

Figure 2-6: schematic illustration of relaxation on permittivity 

 

The relaxation of permittivity 𝜀𝑟(𝜔) in Figure 2-6 can be described by the 

Debye’s equation [29]: 

𝜀𝑟(𝜔) = 𝜀𝑟(∞) +
𝜀(0)−𝜀(∞)

1+𝑖𝜔𝜏
           (2-1) 

where 𝜀𝑟(∞) stands for the permittivity at high frequency and 𝜀(0) is the 

permittivity at a low frequency. 𝜔 = 2𝜋𝑓 where 𝑓 is the frequency and 𝜏 is 

the relaxation constant. The equation describes how the permittivity changes 

with the frequency during a relaxation. There are different kinds of electric 

dipoles which exist in the intracellular and extracellular fluid. Therefore, when 
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an electric field applied, the permittivity and conductivity of cell exhibit 

relaxations over a wide range of frequency. This phenomenon is named 

bio-impedance dispersion. 

 

 

2.4  Dispersions on bio-samples 

 

According to the research carried out by Schwan, there are mainly three types 

of dispersion occurs on cells at different frequencies, as shown in Figure 2-7 

[1].  

 

 

Figure 2-7: 𝛼, 𝑎𝑛𝑑 𝛾 dispersions (permittivity and conductivity related to 

frequency) [1]. 
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2.4.1 𝛼-dispersion 

𝛼-dispersion was found at low frequency ranging from 10-1000 Hz by Schwan 

[1]. The phenomenon was researched and illustrated by Pethig and Kell [2]. 

According to Schwan, 𝛼-dispersion is caused by the ions existing in ECF 

(extracellular fluid) and ICF (intracellular fluid). As described by Jean-Louis, 

𝑁𝑎+ and 𝐶𝑙− mainly exist in ECF while 𝐾+ is in ICF [3]. Those ions can flow 

through the protein channels mentioned in Figure 2-2 which leads to the 

𝛼-dispersion at a low frequency [30] [31].  

 

2.4.2 𝛽-dispersion 

𝛽-dispersion was observed from 10 kHz to 10 MHz. The dispersion was 

described by Schwan and can be explained by Maxwell-Wagner effect [1] [30] 

[32]. The effect occurs at the boundary of layered or inhomogeneous 

dielectrics. Applying electric field would build up charges at the boundaries 

created by different dielectrics. As shown in Figure 2-8, the double layer 

dielectrics system can be represented by one capacitance in parallel with 

another [33]. Applying a static electric field would charge both capacitances 

and creates charges at the boundary of the dielectrics. This phenomenon is 

also called interfacial polarisation. [33] 
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Figure 2-8: Equivalent diagram of double layer dielectrics 

 

The ECF, membranes and ICF can be regarded as a triple layer system. The 

charging process is described by Figure 2-9. 

 

 

Figure 2-9: Maxwell-Wagner effect on single shell model of cell 

 

The charges of the system inside the cell will move following the coulomb’s law 

when applying a static electric field. Positive and negative charges accumulate 



35 
 

at different side of the cell. Changing the direction of the applied electric field 

will reverse the charges. 𝛽-dispersion occurs while the reverse rate of charges 

cannot follow the frequency of the applied electric field. 

As the Maxwell-Wagner effect is related to the cellular structure, including 

geometrical information and electrical properties of cell, the 𝛽-dispersion in 

return reflects the information of cellular structure. So the 𝛽-dispersion has 

been widely investigated for cellular structure detection including bio-industrial 

and bio-medical applications. 

 

2.4.3  𝜸-dispersion 

𝛾-dispersion was found at frequency 1 GHz which was unexpected since the 

permanent dipoles like water relaxes at 20 GHz [34]. This was explained by 

Schwan [1] that the water bounded with proteins would have broad dispersion 

ranging from hundreds megahertz to several gigahertz. And the dipoles 

electrolysed from proteins and amino acid would have the same dispersion 

range around 1 GHz.  

Since 𝛼-dispersion and 𝛾-dispersion are irrelevant with the structural 

properties of cells, this thesis focuses on analysing 𝛽-dispersion which 

indicates how cellular structure and membrane properties influence the 

bio-impedance spectroscopy.  
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2.5 Simulation methods of BIS 

2.5.1 FEM simulation 

The idea of finite element was used centuries ago to estimate the perimeter of 

a circle by a polygon. The finite element method (FEM) was first introduced by 

Courant in 1943 to solve Saint Venant problem. However, it was successfully 

put in use until 1956 by Turner and Clough. Later in 1960, Clough defined and 

published the finite element method [43]. The main idea of FEM is to approach 

an entire continuous domain by finite discrete domains. The unknown function 

on the entire domain is represented by approximate functions on each 

subdomain. The approximate function usually expressed by interpolation 

function determined by unknown coefficients. 

Sekine and Asami carried out FEM simulations on BIS to analyse the 

bio-impedance behaviour of biological samples [4] [22]. The electrical 

parameters of intracellular and extracellular fluid and cell membrane (i.e. 

conductivity and relative permittivity of intra and extra cellular fluid and cell 

membrane) were set according to the single cell model introduced by Asami 

[4]. In Sekine’s model, β – dispersion of a custom single cell model was 

calculated based on FEM and it was verified by the Wagner’s analytical 

solution with enough accuracy. The result shows that FEM model can be 

performed in multi-frequencies and therefore they are essentially applicable for 

analysing BIS. However, the Asami and Sekine’s single cell model is restricted 

to the shape of the cell and the applied field. It can only be applied on spherical 
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cell model and electric field, which cannot describe the electrical 

characteristics of the cell suspension and food samples in real world.  

This thesis proposed FEM models with variety of cell shapes and applied 

electro-magnetic field. The influence of cell structure (including cell shape, 

membrane thickness and orientation) on BIS has been analysed and a model 

for analysing frozen-thaw effect has been proposed in both 2-D and 3-D FEM 

simulations. The proposed models are the more realistic approach to 

frozen-thawed food samples and measurement systems. 

2.5.2 Transport lattice method 

The transport lattice method is to construct a transport lattice. Every element of 

the lattice consists of resistance and conductance to represent the permittivity 

and conductivity of the cell and the suspension.  

 

As shown in Figure 2-10 [41], the elements are divided into three models: 

intracellular model, extracellular model and membrane model. Each model is 

represented by the combination of circuit elements such as resistance and 

capacitance. The cell and suspension system can be represented by a large 

electric diagram. The permittivity and conductivity can be calculated easily 

based on the electric diagram. This method is an estimation approach for the 

BIS of the cell model. The accuracy is relatively low comparing to the FEM 

simulation. The boundary conditions of cell membranes can be complex and 
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requires a more effective and accurate simulation method. Therefore, this 

thesis proposed models to simulate the BIS of biological cell suspensions 

based on FEM.  

 

 

Figure 2-10: Cell model using transport lattice method [41] 

 

2.6 Measurement methods of BIS 

2.6.1 Electrode measurement method  

 

Biological samples exhibit frequency dependent spectra caused by a 

dispersion mechanism. This dispersion mechanism demonstrates dielectric 

relaxation due to the interaction between electromagnetic field and biological 

samples at cellular levels. Hence, biological impedance spectroscopy may be 

used to reveal the electrical and geometrical properties of biological samples 

[52] [53] [54], in particular, frozen-thaw injury. 

Frozen-thaw injury is known as one of the most common factors that can 
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influence the bio-impedance spectroscopy of biological samples [13] [55] [56]. 

However, the mechanism of how frozen-thaw injury influences the 

bio-impedance spectroscopy at cellular levels has not been analysed. The 

influence of frozen-thaw injury on β-dispersion was experimentally 

investigated using the AC conduction (contact electrode) method on potato 

and pork samples. From the results of the experiment, we assumed that 

frozen-thaw injury mainly influences the impedance spectroscopy of a potato 

and pork by breaking their cell membranes. In light of this assumption, a FEM 

model to simulate membrane breakage was developed and a microscopic 

experiment was then carried out to identify the membrane integrity. 

The influence of frozen-thaw injury on dielectric properties of biological cells 

suspension was simulated using a custom developed FEM solver and an 

originally designed cell model. In its 2-D version, the AC conduction case was 

simulated. Then, in the attempt to confirm the assumption, a microscopic 

experiment was conducted to determine if the cell membrane was broken or 

not.  

The measurement and simulation results suggest that bio-impedance 

measurements provide an indication of cellular structural changes of biological 

samples, which can be useful for biomedical [57] [58] [59] [60], pharmaceutical 

[61] [62] [63] [64] and food inspection applications [65] [66].  

The biological samples exhibit a specific 𝛽-dispersion based on the geometric 

structure and dielectric properties of cell membranes. The characteristics of 
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𝛽-dispersion reflect the geometric and electrical information of the biological 

samples. Geometric structure is considered to be one of the most important 

peculiarities of biological samples. FEM simulations were carried out to 

analyse the dielectric properties of bio-cell suspension by applying an 

alternating electric field in a contact manner. Sekine [22] and Asami [4] carried 

out FEM simulations regarding spherical biological cell suspension under an 

alternating electric field. These simulations can be performed in 

multi-frequencies and therefore they are essentially virtual biological 

impedance spectroscopy (BIS) [67].  

BIS is a measurement that has mainly been performed by using electrodes, 

placed on the biological samples to inject current [68] [69]. The purpose of the 

measurement is to calculate the impedance of the biological samples by 

measuring the potential differences between the surfaces of the electrodes as 

well as the currents passing through the electrodes. This measurement 

method is fast and effective [70]. However, it only involves two electrodes, 

resulting in the polarisation of electrodes. This then causes charges to gather 

on the surface of electrodes, producing an electrical field against the applied 

field and this leads to significant errors at lower frequencies. A four-terminal 

measurement was performed to minimize the errors caused by electrode 

polarisation [20] and the measurement was simulated using the 2-D finite 

element method. 

An electrode contact measurement was carried out in the chapter to verify the 
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effect of freeze-thaw injury on the impedance spectroscopy of potatoes. A 

microscopic experiment and an original FEM simulation model have been 

designed to identify the mechanism of how freeze-thaw injury influences the 

impedance spectroscopy of potatoes. 

 

2.6.2 Non-contact induction method  

In order to overcome the shortcoming of previous research method, 

contact-electrode method, a non-contact magnetic induction system was built, 

which contains a custom-designed front-end circuit and a Zurich lock-in 

amplifier for data acquisition. The system was used to measure the 

conductivity spectra of potato and fresh loin pork before and after frozen-thaw. 

The measurement accuracy of the system is 0.01 S/m over a bandwidth of 400 

kHz to 6 MHz. In addition, a cell-level simulation model was built using finite 

element method to elucidate the measurement results and provide an 

explanation based on the structural change of cell membrane. The results from 

the non-contact magnetic induction measurement agree well with the 

observations from the microscopic experiments. The non-contact nature of the 

method is significant as it has the potential for use in real world applications for 

fast scanning of food products where contact method is not ideal. 

Bio-impedance spectroscopy (BIS) measures the complex impedance of 

biological samples over a wide range of frequencies. The measured 
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impedance spectroscopy has been extensively used to characterize the 

physiological state of biological samples [11] [75].  

BIS has been widely investigated for medical [76] [77] [78] and food industry 

applications such as quality inspection of meat [56] [79] [80], fruits and 

vegetables [65][81]. Food freezing is one of the factors that influence the 

quality of food including deterioration of nutrition and texture. However, some 

merchants mislabel their frozen-thawed food as fresh food illegally for higher 

profits [82]. Therefore, a rapid and effective method to differentiate the 

frozen-thawed and fresh food is indispensable. The electrode contact 

measurement method has been used to distinguish frozen-thawed food 

samples such as chicken breast [82]. The response of the electrode contact 

measurement method is fast and accurate. However, the contact method is 

hard to apply on industry applications. Furthermore, the direct contact of 

electrodes and the food samples can lead to unnecessary error of the 

measurement such as chemical reaction between food samples and electrode, 

electrode polarisation at low frequency and physical damage on the tissues of 

food.  

A non-contact induction measurement system is introduced to measure the 

BIS. The non-contact measurement is more challenging than direct contact 

method and it has some difficulties on enhancing the sensitivity. However, the 

non-contact measurement is entirely non-destructive and eliminates the 

problems caused by direct contact electrodes [83] [84] [85]. This system is well 
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suited for industrial applications with accuracy of 0.01 S/m over a frequency 

range from 400 kHz to 6 MHz.  

The bio-impedance spectroscopy of fresh and frozen-thawed food samples 

(potato and loin pork) has been measured using the non-contact system. In 

order to further expound the measurement results, a 3-D cellular model has 

been built using finite element method. The BIS of the cellular model is carried 

out by analysing eddy currents induced by alternating magnetic field in a 

non-contact manner. This is a more realistic approach to non-contact 

measurement comparing with existing models built by Asami and Sekine [4] 

[22]. Furthermore, a new method to calculate the equivalent conductivity and 

relative permittivity of the biological suspension in FEM eddy current 

simulation is introduced. These simulations can be performed in 

multi-frequencies and therefore they are essentially virtual biological 

impedance spectroscopy (BIS). In addition, a microscopic experiment has 

been carried out to analyse the frozen-thaw injuries on cell membranes.  

 

2.6.3 Other measurement methods 

2.6.3.1 Electro-rotation method 

The electro-rotation method is to add two pairs of electrodes perpendicular to 

each other on one cell as shown in Figure 2-11. The electric field is applied on 
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each pair of electrodes with the same magnitude but 90 degree phase 

difference.  

Suppose the applied electric fields are: 

 𝐸1 = 𝐸0cos (𝜔𝑡) (2-2) 

 𝐸2 = 𝐸0sin(𝜔𝑡) (2-3) 

And the total electric field is: 

 E2 = 𝐸0
2[𝑐𝑜𝑠2(𝜔𝑡) + 𝑠𝑖𝑛2(𝜔𝑡)] = 𝐸0

2 (2-4) 

This is equivalent to an electric field with magnitude E rotating with angular 

speed 𝜔. The parameters of dielectric properties can be calculated according 

to the rotation moment and frequency [48]. This method has difficulties on 

measuring the rotation moment and it requires a system with high-precision 

set-up. It is designed for analysing the BIS of a single cell rather than cell 

suspensions and food samples, which is not applicable for the purport of this 

thesis - analysing the BIS of food samples.  

 

Figure 2-11: Electro-rotation method 
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2.6.3.2 Micropipette method  

The micropipette method requires a system with high-sensitive and 

high-operational set-up. This method is achieved by inserting an electrode into 

the cell without destroying the cell structure. The schematic diagram is shown 

in Figure 2-12. The micropipette is used to open a micro pore on the 

membrane without damaging to the cell. Then an electrode can be inserted 

into the cell through the pore. The electrical characteristics of the membranes 

and intracellular fluid can be measured [69]. This method still has technical 

difficulties such as the accuracy of the electrode sensor, the sensitivity of the 

sensor and the polarisation on the electrode. It is designed to analyse the BIS 

of intracellular fluid and cell membranes rather than the BIS of cell 

suspensions and food samples. Alternatively, electrode measurement method 

and induction measurement method, which are more applicable on measuring 

cell suspensions and food samples, were used in this thesis to analyse the 

frozen-thaw effect of food samples. 
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Figure 2-12: Micropipette method 

 

3 Supporting theory 

3.1 Analytical solution on relative permittivity of cell models 

The single cell model introduced by Asami [4] [41] is shown in Figure 3-1. The 

parameters of the cell model are km =  10−7 S/m, ka = kc = 1 S/m. 

εc = εa = 80,  εm = 5, R = 5000 nm, dm = 5nm. km is the conductivity of the 

cell membrane. ka and kc are the conductivity of the extracellular and 

intracellular fluid, respectively. εc and εa are the relative permittivity of the 

intracellular and extracellular fluid, respectively.  εm is the relative permittivity 

of the cell membrane. R is the radius of the cell. dm is the cell membrane 

thickness.  
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Figure 3-1: single shell model [4] 

 

The equivalent complex relative permittivity of the cell model in Figure 3-1 can 

be calculated according to Asami [4]: 

𝜀𝑝
∗ = 𝜀𝑚

∗ 2(1−𝑣)𝜀𝑚
∗ +(1+2𝑣)𝜀𝑐

∗

(2+𝑣)𝜀𝑚
∗ +(1−𝑣)𝜀𝑐

∗             (3-1) 

where 𝑣 = (1 −
𝑑𝑚

𝑅
)𝑛 , 𝑑𝑚 is the membrane thickness, R is the radius of cell. 

When 𝑛 = 2 , the equation is applied to two-dimension analytical model. 

When 𝑛 = 3, the equation is applied to three-dimension analytical model. 𝜀𝑝
∗ 

is the complex relative permittivity of the cell model,  𝜀𝑚
∗  is the complex 

relative permittivity of membrane and 𝜀𝑐
∗ is the complex relative permittivity of 

cytoplasm. Then the complex relative permittivity of the suspension can be 

calculated by Wagner’s equation [4] [22]: 

𝜀∗ = 𝜀𝑎
∗ 2(1−𝑃)𝜀𝑎

∗+(1+2𝑃)𝜀𝑝
∗

(2+𝑃)𝜀𝑎
∗+(1−𝑃)𝜀𝑝

∗             (3-2) 

where P is the volume fraction. 𝜀∗ is the complex relative permittivity of cell 

suspension, 𝜀𝑎
∗  is the complex relative permittivity of the external medium. 

The conductivity of the suspension can be derived: 
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𝜍∗ = 𝑗𝜔𝜀0𝜀
∗            (3-3) 

where 𝜍∗ is the complex conductivity of the suspension. ε0 is the permittivity 

of vacuum, ω = 2πf where f is the frequency of the applied field and j is the 

imaginary unit. 

The dielectric properties of the cell suspension of the custom single cell model 

can be calculated based on equation (3-2). This is the analytical solution to 

calculate the BIS of the single cell model. The calculated result is used to verify 

the FEM simulation result.  

3.2  Two-dimensional finite element  

 

Normally, the finite element problems can be solved by two kinds of methods 

which are Galerkin’s method and Ritz’s method [42] [43]. In this thesis 

, the Galerkin’s method is used to build up simulations.  

For electro-magnetic problems, the system function is [43]: 

L∅ = g                 (3-4) 

where L is the Laplace operator, ∅ is the unknown field function, g is the 

given exciting function. 

According to the Gaussian equation,   

∇ ∙ 𝐷⃗⃗ = 𝜌                (3-5) 

where D⃗⃗ = εE⃗⃗ , D⃗⃗  is the electric flux density, E⃗⃗  is the electrical field intensity. 

ε = 𝜀𝑟𝜀0. 𝜀𝑟 is the relative permittivity of the material. ρ is the quantity of 
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electric charge which is zero in the cell model. So the equation can be 

rewritten as: 

∇ ∙ (𝜍 + 𝑗𝜔𝜀)𝐸⃗ = ∇ ∙ (𝜍 + 𝑗𝜔𝜀)∇𝑈 = 0         (3-6) 

where ς  is the conductivity of the material and ε = 𝜀𝑟𝜀0. 𝜀𝑟 is the relative 

permittivity of the material. 𝜀0 is the permittivity of vacuum. U is the electric 

potential which is the objective value to be solved [43]. To obtain the equivalent 

conductivity of the total cell suspension, we calculate the total current flowing 

through the cell suspension from the top electrode to bottom electrode. 

According to the Kirchhoff’s current law, the current flow through any plane 

which is in parallel with the electrodes is the same with the total current flow 

through the cell suspension. So the current I flow through a chosen plane in 

parallel with electrodes can be calculated as: 

𝐼 = ∑ 𝑗(𝑖) = ∑𝜍(𝑛)𝐸⃗ (𝑖)             (3-7) 

where 𝑗(𝑖) is the current density of the element on the chosen plane. 𝜍(𝑛) is 

the conductivity of the element on the chosen plane. 𝐸⃗ (𝑖) is the background 

electrical field on the chosen plane. Then the complex conductivity of the cell 

suspension can be calculated as: 

𝜍∗ =
1

𝜌∗
=

𝐿1

𝑆
∗
𝐼

𝑈
               (3-8) 

where 𝜍∗ and 𝜌∗ are the complex conductivity and resistivity respectively. 𝐿1 

is the distance between the top electrode and the bottom electrode. S is the 

area of the electrodes. 𝑈 is the electrical potential, 𝐼 is the current.  
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3.3  Three-dimensional finite element 

 

An induction model is built for the 3-D FEM simulation. As shown in Figure 3-2, 

the cylinder stands for the cell suspension and the spherical model stands for 

the cell. Imaginary transmitter and receiver coils are put on the top of the 

suspension to provide alternating magnetic field as an exciting signal and 

detect induced secondary magnetic field. The cell models were put randomly 

in the cell suspension model in order to simulate the realistic cell suspension. 

 

Figure 3-2: 3-D FEM simulation model (a) suspension model (b) cell model 

The differential form of Maxwell’s equation [43]: 

{
 
 

 
 

𝑑𝑖𝑣𝐷 = 0
𝑑𝑖𝑣𝐵 = 0

𝑐𝑢𝑟𝑙𝐸 = −
𝜕𝐵

𝜕𝑡

𝑐𝑢𝑟𝑙𝐻 = 𝑗 +
𝜕𝐷

𝜕𝑡}
 
 

 
 

              (3-9) 

where 𝐷 is the displacement field. 𝐵 is the magnetic field. 𝐻 is the 

magnetizing field. 𝐸 is the electric field.  

In this FEM simulation, the system is regarded to be quasi-static which 

assumes the influence of displacement current is very small that it can be 
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ignored comparing with the eddy current induced by coil excitation. Time 

varying magnetic fields exist in nonconductive regions 𝛺𝑛 and conductive 

regions 𝛺𝑐. So the Maxwell’s equation can be written as: 

{
 
 

 
 

𝑑𝑖𝑣 𝐵 = 0          𝑖𝑛 𝛺𝑛 

𝑐𝑢𝑟𝑙 𝐸 = −
𝜕𝐵

𝜕𝑡
             𝑖𝑛 𝛺𝑐

𝑐𝑢𝑟𝑙 𝐻 = 𝑗0              𝑖𝑛 𝛺𝑛
𝑐𝑢𝑟𝑙 𝐻 = 𝑗              𝑖𝑛 𝛺𝑐 }

 
 

 
 

           (3-10) 

where 𝑗0 is the given current density in 𝛺𝑛 excited by coil. 𝑗 is the current 

density in 𝛺𝑐. H is the magnetic field intensity. B is the magnetic flux density. E 

is the electric field intensity. 

And the field quantities are following the equations: 

B = μH   ,   H = 𝑣𝐵               𝑖𝑛  𝛺𝑛 𝑎𝑛𝑑 𝛺𝑐         (3-11) 

j = ςE   ,   E = ρj                    in 𝛺𝑐            (3-12) 

where μ denotes the permeability, v is the reluctivity, ς is the conductivity 

and ρ is the resistivity. 

According to Oszkar Biro [44], the basic formulas for the three-dimension edge 

elements simulation of eddy current problems, Galerkin’s equation is shown as 

following: 

∫ 𝑐𝑢𝑟𝑙𝑁𝑖 ∙ 𝑣𝑐𝑢𝑟𝑙𝐴
(𝑛)𝑑Ω + ∫ 𝑗𝜔𝜍𝑁𝑖 ∙ 𝐴

(𝑛)𝑑Ω
Ω𝑐

+ ∫ 𝜍𝑁𝑖 ∙ 𝑔𝑟𝑎𝑑𝑉
(𝑛)𝑑Ω =

Ω𝑐Ω𝑐

∫ 𝑐𝑢𝑟𝑙𝑁𝑖 ∙ 𝑣0𝑐𝑢𝑟𝑙𝐴𝑠𝑑Ω  Ω𝑐
     𝑖 = 1,2, … ,6          (3-13) 

     

∫ 𝑗𝜔𝜍𝑔𝑟𝑎𝑑𝐿𝑖 ∙ 𝐴
(𝑛)𝑑Ω + ∫ 𝜍𝑔𝑟𝑎𝑑𝐿𝑖 ∙ 𝑔𝑟𝑎𝑑𝑉

(𝑛)𝑑Ω = 0
Ω𝑐Ω𝑐

        𝑖 = 1,2, … ,4  (3-14) 

 

where 𝐿𝑖 is the elemental interpolation of 𝑖𝑡ℎ node corresponding to the nth 
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element of it; 𝑁𝑖 stands for the vector interpolation of 𝑖𝑡ℎ edge relating to the 

nth edge element of it; 𝐴(𝑛) stands for the excited edge vector potential of the 

nth element; 𝐴𝑠 represents the original edge vector potential of the nth element; 

 𝑉(𝑛) represents the electrical potential excited by the nth element on the 

receiving coil;𝑣 stands for the reluctivity of the model;𝑣0 is the reluctivity of the 

air;𝜍 is the conductivity of the model [42] [45] [46]. 

The first component of equation (3-13) ∫ 𝑐𝑢𝑟𝑙𝑁𝑖 ∙ 𝑣𝑐𝑢𝑟𝑙𝐴
(𝑛)𝑑Ω

Ω𝑐
 stands for the 

fundamental formation of the vector potential. The second term of equation 

(3-13) ∫ 𝑗𝜔𝜍𝑁𝑖 ∙ 𝐴
(𝑛)𝑑Ω

Ω𝑐
 describes the diffusion effect. The third term of the 

equation (3-13) ∫ 𝜍𝑁𝑖 ∙ 𝑔𝑟𝑎𝑑𝑉
(𝑛)𝑑Ω

Ω𝑐
 relates to Maxwell-Wagner effect. The 

Maxwell-Wagner effect occurs on the surface of inhomogeneous materials, so 

the third component of equation (3-13) is strongly influenced by the shape of 

the measured objects. 

The eddy current density is: 

𝐽(𝑖) = 𝜍(𝑖)𝐸(𝑖)               (3-15) 

where 𝐸(𝑖) denotes the vector sum of the electrical field on all the edges of 

each tetrahedral element. 𝜍(𝑖) is the complex conductivity parameter of the of 

each tetrahedral element. 

The model is shown in Figure 3-2. Assume there is an equivalent model with 

uniform dielectric. The background suspension of the equivalent model has 

exactly the same shape with the simulation model in Figure 3-2. Since the 

normal component of electrical field relative to each cross-section surface of 
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suspension (shown in Figure 3-2) is identical, then  

∑ 𝑛⃗ ∙ 𝐸(𝑖) = ∑ 𝑛⃗ ∙ 𝐸𝑠
(𝑖)

                                          (3-16) 

where, 𝐸𝑠
(𝑖)

 denotes the background electrical field of the of each tetrahedral 

element; 𝑛⃗  is the normal unit vector relative to the surface of target;  

Since the equivalent model is uniform, the electrical background field 𝐸𝑠
(𝑖)

 is 

always vertical to every cylindrical cross-section surface of the suspension 

model shown in Figure 3-2. Then the equivalent complex conductivity of the 

original suspension (as shown in Figure 3-2) can be derived from (3-8) and 

(3-9) that 

𝜍𝑠 =
∑𝐽𝑠

(𝑖)

∑ 𝑛⃗ (𝑖)∙
𝐽(𝑖)

𝜎(𝑖)

              (3-17) 

𝜍(𝑖)  is the complex conductivity of each tetrahedral element. 𝐽𝑠
(𝑖)
    is the 

eddy current density through each cylindrical cross-section of equivalent 

suspension model. 𝐽(𝑖)   is the eddy current density through each cylindrical 

cross-section of the original suspension model with arranged cells. 𝑛⃗ (𝑖) is the 

current flow direction. 

 

3.4 Calculating conductivity of measurement result 

 

According to A Barai[39], the measurement result is related to the conductivity 

and permittivity of suspension following the equation: 

∆𝑉

𝑉
= 𝑃𝑓𝜇0(2𝜋𝑓𝜀0𝜀𝑟 − 𝑗𝜍) + 𝑄𝑋           (3-18) 
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where 𝑃 is a constant of volume factor which is calibrated by saline solution 

with certain conductivity. 𝑓 is the frequency. 𝜀0, 𝜇0 are the permittivity and 

permeability of vacuum respectively. 𝜍, 𝜀𝑟 and 𝑋 are the electrical 

conductivity, relative permittivity and magnetic susceptibility of the sample. ∆V 

is the detected electromotive force from the receive coil while V is the 

excitation from the transmit coil. It can be obtained from the equation that the 

conductivity is proportional to the imaginary part of 
∆𝑉

𝑉
 and permittivity is 

proportional to the real part of 
∆𝑉

𝑉
 [38]. The conductivity can be derived as: 

𝜍 = −
𝐼𝑚(

∆𝑉

𝑉
)

𝑃𝑓𝜇0
= 𝐾

𝐼𝑚(
∆𝑉

𝑉
)

𝑓
             (3-19) 

where 𝐾 =
−1

𝑃𝜇0
 and 𝐾 is a constant. The constant 𝐾 can be calibrated by 

measuring saline solutions with certain conductivity. 

3.5 Measurement and experimental set-up 

3.5.1 Contact electrode measurement set-up 

The contact electrode method has been well developed for measuring the 

bio-impedance spectroscopy [35] [36] [37]. It is a fast and effective way to 

measure the impedance of biological samples. The measurement set-up in 

this thesis is a simple system with two copper electrodes and four 

measurement terminals. The impedance analyser is Solartron 1260. The 

electrodes are copper electrodes with effective area of is 𝑆 = 2 𝑐𝑚 ∗ 3 𝑐𝑚 =

6 𝑐𝑚2, and the distance between the electric field measuring electrodes is 

𝐿 = 6.6 𝑐𝑚. The conductivity can then be calculated by 𝜍 = 1/𝜌 = 𝐿/𝑅𝑆. 𝑅 is 
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the real part of the measured impedance, ρ is the resistivity. The measurement 

sample is saline solution, potato and loin pork.  

 

3.5.2 Non-contact induction measurement set-up 

A front end circuit is designed to measure the change of conductivity and 

permittivity at frequency domain. There are mainly five parts of the circuit: a 

signal generator, a power amplifier, a transmitter and a receiver and a Zurich 

lock-in amplifier as shown in Figure 3-3 and Figure 3-4.  

 

Figure 3-3: Flow diagram of measurement process 

 

 
Figure 3-4: Non-contact measurement set-up. 

The whole system is running at the following way: a sinusoidal wave is 

generated by the signal generator (Zurich lock-in amplifier) and amplified by 

the power amplifier. The amplifier input a high current to the transmit coil. And 
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the current generates a magnetic field which would induce eddy currents in the 

tested cell suspension. The eddy currents would generate a second magnetic 

field which is detected by the receiver coil [38] [39]. This signal is obtained by 

Zurich lock-in amplifier and stored into PC. The impedance of the cell 

suspension influences the magnitude and phase of the signal detected by the 

receive coil. And in turn, the equivalent impedance of the suspension can be 

calculated by comparing the signal detected by the receiver and the transmitter. 

The receive coil is connected in opposite directions so that the magnetic field 

induced by the same excitation is cancelled. And the receive coil only detects 

the magnetic field induced by cell suspension when the system is balanced 

[38].  

The measurement at each frequency has been repeated 100 times to obtain 

the average value and increase the SNR of the results. 

 

 

3.5.3 Microscopic experiments 

Propidium Iodide (PI) is selected to be the chemical stainer for food samples. 

The characteristic of PI is that it can only stain dead cells with disintegrate 

membranes while integrate membrane can prevent living cells from the PI 

stainer [40]. Therefore, PI is an effective stainer to identify the integrity of cell 

membranes. The PI stainer is prepared by mixing Propidium Iodide with 
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distilled water (weight ratio 1:1). The food sample slides are prepared 

immediately after impedance measurement. The microscope is Zeiss-Axio 

scope A1 which is a fluorescent scope and it is capable to take snapshot 

during the microscopic observations. 
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4 Influence of cell structures on the BIS analysed by simulation result 

4.1 Introduction 

The simulated BIS of cell model is carried out based on the FEM. To analyse 

the influence of cell structure on BIS, the parameters including cell shape, cell 

membrane thickness and cell orientation are studied. The simulation results of 

the custom cell model are validated by analytical result. 

 

4.2 Simulation of custom cell model 

4.2.1 2-D simulation 

The cell model used in this section is shown in Figure 3-1. The cell suspension 

model is shown in Figure 4-1. The square in Figure 4-1 stands for the cell 

suspension and the spheres are the cell models. Cell models are placed 

randomly in the cell suspension to simulate realistic suspension. A 10-volt 

electrical field is added to the top electrode and the bottom electrode is 

grounded. The size of the suspension is set at 100𝜇𝑚 × 100𝜇𝑚, and the 

parameters of each cell are set according to Asami. The complex permittivity 

and complex conductivity of the cell suspension model can be derived as:  

𝜀𝑚
∗ =

𝜍𝑚
∗

𝑗𝜔𝜀0
=

𝑘𝑚+𝑗𝜔𝜀𝑚𝜀0

𝑗𝜔𝜀0
             (4-1) 

𝜀𝑐
∗ =

𝜍𝑐
∗

𝑗𝜔𝜀0
=

𝑘𝑐+𝑗𝜔𝜀𝑐𝜀0

𝑗𝜔𝜀0
             (4-2) 

𝜀𝑎
∗ =

𝜍𝑎
∗

𝑗𝜔𝜀0
=

𝑘𝑎+𝑗𝜔𝜀𝑎𝜀0

𝑗𝜔𝜀0
             (4-3) 
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where 𝜔 = 2𝜋𝑓 and 𝜀0 is the permittivity of vacuum. 𝑓 is the frequency of the 

applied electromagnetic field. 𝑘𝑚 is the conductivity of cell membrane. 𝑘𝑎 

and 𝑘𝑐 are the conductivity of extra and intra cellular fluid respectively. 𝜀𝑚 is 

the permittivity of membrane. 𝜀𝑐 and 𝜀𝑎 are the permittivity of extracellular 

and intracellular fluid respectively. 𝜀𝑎
∗ and 𝜀𝑐

∗ are the complex relative 

permittivity of extra and intra cellular fluid respectively.  𝜀𝑚
∗ is the complex 

relative permittivity of membrane.  

 

 

Figure 4-1: 2-D cell suspension model 

The electric potential distributions of the cell suspension at low frequency (1 

kHz) and high frequency (10 kHz) are shown in Figure 4-2 and Figure 4-3 

respectively. The cell model behaves non-conductive and blocks current flow 

at the low frequency while the cell model behaves electrically invisible and 

conductive at the high frequency. This agrees with the expectations of 

published work [4] [27]. The spectroscopy of relative permittivity of the cell 

suspension is shown in Figure 4-4. The spectroscopy shows the 𝛽-dispersion 



60 
 

with the frequency ranging from 100 kHz to 10 MHz. Analytical solution of 

sphere cell model is carried out in Figure 4-4 to validate the FEM result. The 

frequency range and magnitude of the 𝛽-dispersion of analytical result based 

on supporting theory agree with the result of FEM simulation. There are 1% 

error between the analytical result and the FEM simulation result. This can be 

caused by the system error of finite element method itself and the meshing 

accuracy. Both the simulation and the analytical results agree with the 

published work that the cell model exhibits a 𝛽-dispersion when applied an 

alternating electric field [48] [49] [50]. Overall, the 2-D FEM simulation on the 

cell suspension model is accurate enough to show the progress of 

𝛽-dispersion.  

 

Figure 4-2: Electric potential distribution of 2-D cell suspension at low 

frequency (1kHz) 
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Figure 4-3: Electric potential distribution of 2-D cell suspension at high 

frequency (10MHz) 

 

Figure 4-4: 𝛽-dispersion of 2-D cell suspension 

 

4.2.2 3-D simulation result of custom cell model 
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The simulation model of 3-D cell suspension is shown in Figure 4-5. As shown 

in Figure 4-5, the cylinder represents the cell suspension (mixing of 

extracellular fluid and cells) and the spheres stand for the custom cell models. 

Alternating magnetic field is provided by the imaginary transmitter coils on the 

top of the cylinder. And induced secondary magnetic field is measured by the 

imaginary receiver coil. The cell models (spheres) are put randomly in the 

suspension to simulate realistic suspension. 

 

 

Figure 4-5: 3-D cell suspension model 

 

The eddy current distribution of the cell suspension is shown in Figure 4-6. The 

eddy current distribution shows the same trend of the 2-D FEM simulation. The 

cell model blocks current flow at low frequency (10 kHz) and becomes 

conductive and electrically invisible at high frequency (10 MHz). The 

spectroscopy of the permittivity of cell suspension is shown in Figure 4-7. The 

permittivity spectroscopy shows the progress of 𝛽-dispersion and the result is 

validated by the analytical solution. The frequency range of 𝛽-dispersion is 

ranging from 100 kHz to 10 MHz. The simulation result agrees with the 
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expectations on the 𝛽-dispersion of published works [4] [49] [50]. The error of 

FEM result and analytical result is less than 1%. The error can be caused by 

the meshing accuracy and the system error of the finite element method.  

 
Figure 4-6: Eddy current distribution of 3-D cell suspension model 

 

 

Figure 4-7: Permittivity spectroscopy of 3-D cell suspension 

4.3 Cell shape deformation  

According to Waxwell-Wagner equation, the volume fraction of cell in the cell 

suspension is a key factor that would influence the equivalent permittivity of 
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the suspension [4] [32] [41]. So when simulating the cell deformation, the 

volume fraction of the cell in cell suspension is assumed to be a constant. To 

keep the volume fraction as a constant, the volume of the cell is designed to be 

unchanged during the deformation process. Spherical model is deformed into 

an oval model while the volume of the cell keeps unchanged.  

In two-dimension simulation, volume is represented by the area of the cell. The 

area of a circle is calculated by 𝑆 = π𝑟2. The area of an oval is calculated by 

𝑆 = πab where 𝑎 is the length of the semi-major axis and 𝑏 is the length of 

the semi-minor axis. Once the radius of cell is confirmed as r, the deformation 

just need to satisfy condition 𝑟2 = 𝑎𝑏.To eliminate the influence of position, all 

ovals and circles are centred at the same point. And all FEM simulations are 

carried out under the same meshing accuracy. 

Because β-dispersion always occurs during the simulation and only the 

variation trend of the relative permittivity at low frequency is quite related to the 

shape of the cell model, a simulation about the cell model deformation is 

presented. 

In 3-D simulation, cell shape should deform from sphere to ellipsoid, as shown 

in Figure 4-8. The volume still remains as a constant. The volume equation for 

sphere and ellipsoid model are:  𝑉𝑠𝑝ℎ𝑒𝑟𝑒 =
4

3
𝜋𝑟3  and 𝑉𝑒𝑙𝑙𝑖𝑝𝑠𝑜𝑖𝑑 =

4

3
𝜋𝑎𝑏𝑐 

where 𝑎, 𝑏 and 𝑐 are the axial length at 𝑥 , 𝑦 and 𝑧 direction respectively. In 

order to simplify the deformation process, the axial length of 𝑦 and 𝑧 
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directions are assumed to be the same (𝑏 =  𝑐). To keep the volume fraction a 

constant after the deformation, the axial length of x direction is: 𝑎 =
𝑟3

𝑏𝑐
 

 

 

Figure 4-8: 3-D deformation model 

 

4.4 2-D FEM simulations on deformations 

 

In 2-D deformation simulations, the volume of spherical cell models and the 

deformed oval models are set to be the same to eliminate the influence of 

volume fraction. All cell models are centred at the same point in a cell 

suspension with applied electrical field on the top and bottom side of the cell 

suspension.  

In order to observe how the deformation process influences the bio-impedance 

spectroscopy, the cell deformation progress is designed in two steps following 

the parameters in table 4.1. Firstly, the cell model deforms gradually from a 

sharp vertical oval to a sphere. Then it carried on deforming from the sphere to 

a horizontal sharp oval, as shown in Figure 4-9. The deformation parameters 

of the first and the second deformation process are symmetrical. The electric 
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potential distributions of the horizontal oval deformation model at low 

frequency (1 kHz) and high frequency (10MHz) are shown in Figure 4-10 and 

Figure 4-11 respectively.  

 
Figure 4-9 : Cell deformation progress 

 

Figure 4-10: Electric potential distribution of deformation model at low 

frequency (1 kHz) 
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Figure 4-11: Electric potential distribution of deformation model at high 

frequency (10 MHz) 

No matter what shape the cell is, it becomes electrically invisible at the high 

frequency and the relative permittivity converges to the same value at the high 

frequency as shown in Figure 4-11. For this reason, only the magnitude of 

𝛽-dispersion (relative permittivity at the low frequency) is discussed for cell 

model deformation.  

Table 4-1: 2-D deformation parameters (μm) 
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Figure 4-12: permittivity and conductivity at low frequency (1 kHz) 

As shown in Figure 4-12, the conductivity decreases monotonically with 

increasing the length of 𝑎 at the low frequency. This is easy to understand as 

the x-axis is vertical to the applied electric field, and with the longer x-axis 

length 𝑎 is the more current will be blocked by the cells at the low frequency. 

However, the permittivity is not monotonic and not symmetric following the 

deformation process. In part A of Figure 4-12, comparing point A (a=2μm, 

b=12μm) and point A’ (a=12μm, b=2μm), the relative permittivity of the vertical 

oval model (point A) is 2700 while the relative permittivity of horizontal oval 

model (point A’) is 3600. The vertical and horizontal cell models have exactly 

the same shape parameters but different orientation. To validate the influence 

of the orientation on the magnitude of 𝛽-dispersion, further simulations were 

carried out. The simulation model was designed as a certain shape cell model 

centered at the same point. The only variate is the angle （θ）between the 

x-axis and the semi-major axis of the oval model.  



69 
 

 

Figure 4-13: cell orientation model 

The cell model rotates from horizontal to vertical with the angle θ between the 

x-axis and the semi-major axis of the oval model. The simulation result is 

shown in Figure 4-13, the value of angle θ is selected to be: 

0°, 30°, 45°, 60°, 90°.  It is obvious from the Figure 4-14 that the orientation of 

the cell would influence the magnitude of relative permittivity at low frequency. 

The relative permittivity decreases when θ increases. The orientation has 

little influence on the dispersion frequency range and magnitude of relative 

permittivity at high frequency. This simulation result verified and explained the 

difference between point A and A’ in Figure 4-12.  
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Figure 4-14: 𝛽 −dispersion with different orientation (θ = 0°, 30°, 45°, 60°, 90°) 

 

In part B of Figure 4-12, the magnitude of 𝛽-dispersion has large difference at 

point A (a=12μm, b=2μm) and point B (a=4.9μm, b=4.9μm). Asami introduced 

this phenomenon in his paper [51]. He considered the main factor that leads to 

magnitude difference of 𝛽-dispersion was the axial ratio (a/b). The oval model 

with large axial ratio (a/b) produces a 𝛽-dispersion with large magnitude. This 

agrees with our work that the magnitude of 𝛽-dispersion is large with a 

sharper oval model. However, in order to further analyse the mechanism of 

how axial ratio influence the magnitude of 𝛽-dispersion, we consider the 

influence of the membrane thickness (d) and the perimeter (c) of the cell model. 

To do so, a control group has been designed to investigate the influence of 

membrane thickness to perimeter ratio on the magnitude of 𝛽-dispersion. The 

control group is designed as the same shape of the cell while the membrane 

thickness was increased from 5nm to 10nm. As shown in Table 4-1, the 
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perimeter of the oval model increases with the increasing of axial-ratio a/b 

while the membrane thickness remains a constant during the deformation 

progress. As shown in Figure 4-12, the magnitude of relative permittivity 

increases with the increasing of perimeter to membrane thickness ratio c/d. 

The magnitude of relative permittivity is approximately proportional to the 

perimeter of deformed cell model, as shown in Figure 4-15. 

 
Figure 4-15: Magnitude of relative permittivity changes with perimeter of 2-D 

cell model 

 

The result of control group is shown in Figure 4-16 and Figure 4-17. When the 

perimeter of cell model remain a constant and the membrane thickness 

increases from 5 nm to 10 nm, the magnitude of relative permittivity decreases 

to approximately 50%. It can be concluded that the magnitude of relative 

permittivity decreases with the decreasing of perimeter to membrane thickness 

ratio c/d.  

The mechanism of how cell perimeter to cell membrane thickness ratio 

influences the magnitude of relative permittivity can be explained in the 

following discussion. The internal and external cell fluids are more conductive 
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than the membrane, so the membrane essentially forms a capacitance. 

Considering the basic function of capacitance:  

𝐶 =
𝜀𝑆

4𝜋𝑘𝑑
                (4-4) 

Here the perimeter of the cell can be regarded as the surface area S in 

two-dimension and the membrane thickness can be deemed as the 

capacitance plate distance d. So the cell perimeter to cell membrane thickness 

ratio can be equivalent to the ratio of S/d in the capacitance equation. When 

the cell perimeter to cell membrane thickness ratio increases, the whole cell 

model behaves more capacitive and thus the magnitude of relative permittivity 

at low frequency is increased.  

 

Figure 4-16: 𝛽-dispersion of shape Shape: a=4 𝜇𝑚 , b=6 𝜇𝑚 
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Figure 4-17: 𝛽-dispersion of shape Shape: a=3 𝜇𝑚 , b=8 𝜇𝑚 

 

4.5 3-D FEM simulation on deformation 

As introduced in section 4.3, the deformation parameters of the 3-D ellipsoid 

model are designed as shown in Table 4-2. The original cell model is a 

spherical model with radius R = 5 μm. To simplify the deformation process, the 

axis length of y and z direction are set to be the same (𝑏 =  𝑐), as shown in 

Figure 4-8. To keep volume fraction a constant after the deformation, the axial 

length of 𝑥 direction is: 𝑎 =
𝑟3

𝑏𝑐
. 

Table 4-2: Deformation parameters for 3-D cell model 

 a   μm b   μm c   μm Surface area 

(𝜇𝑚2) 

Sphere 5 5 5 314.0 

Group1 

(scale 1.5) 

5*1.5 
5
√1.5
⁄  5

√1.5
⁄  332.9 
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Group2 

(scale 2) 

5*2 
5
√2
⁄  5

√2
⁄  365.8 

Group3 

(scale 3) 

5*3 
5
√3
⁄  5

√3
⁄  434.2 

 

Figure 4-18: Eddy current distribution of 3-D ellipsoid deformation model 

 

Figure 4-19：Relative permittivity of cell suspension with different deformation 

shape 

The membrane thickness is constant d=5 nm. There are 4 groups of 

simulations with surface area (S) increasing from sphere to ellipsoid as shown 
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in Table 4-2. The axial length of x-axis direction is designed to be a, 1.5a, 2a, 3a 

for each simulation group. The corresponding axial length of y and z 

direction is calculated to keep the volume of cell as a constant. The eddy 

current distribution of the second group in Table 4-2 (the axial length of x 

direction is 1.5a) is shown in Figure 4-18. Figure 4-18 shows that the deformed 

cell model is non-conductive at low frequency and becomes electrically 

invisible at high frequency, which agrees with the previous simulation result in 

section 4.2. The spectroscopy of the relative permittivity of 4 deformation 

simulation groups is shown in Figure 4-19. The result in Figure 4-19 shows the 

same trend with the result of 2-D deformation simulation. As shown in Figure 

4-19, with the sphere deformed to a sharper ellipsoid with a larger surface area, 

the magnitude of the relative permittivity is increased. Another two control 

group was set to validate the influence of the surface area to membrane 

thickness ratio. In the control group, the shape of the cell model is set to be the 

same and the membrane thickness increased from 5 nm to 10 nm. It can be 

obtained from Figure 4-20 and Figure 4-21 that the permittivity reduces with 

increasing membrane thickness. Because the number of mesh elements is too 

large (about 1.2 ∗ 106) and the calculation capacity of Matlab is limited, there 

are only 10 data points simulated over the frequency range of each dispersion. 

The 3-D membranes thickness simulation results match the 2-D results which 

indicate that the magnitude of the relative permittivity at low frequency 

increases with the increase of surface area to membrane thickness ratio. This 
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can be explained by the basic equation of capacitance 𝐶 =
𝜀𝑆

4𝜋𝑘𝑑
. In 3-D cell 

model, the ratio of 
𝑆

𝑑
 in the capacitance equation is the same with the surface 

area to the membrane thickness ratio. So when the surface area to the 

membrane thickness ratio increases, the cell model behaves more 

capacitance and thus the magnitude of relative permittivity increases. 

 

 

Figure 4-20: permittivity of parameter scale 2 with different membrane 

thickness 
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Figure 4-21: permittivity of parameter scale 3 with different membrane 

thickness 

4.6 Summary  

This Chapter discussed the influence of cellular structure, including cell shape, 

cell orientation and membrane thickness, on bio-impedance spectroscopy. The 

simulation works are based on finite element method. The results of simulation 

works can be concluded as: 

1) The oval cell model with less orientation angle towards the applied field / 

current direction exhibits β-dispersion with smaller magnitude than that of 

the oval models with larger orientation angle towards the applied field/ 

current direction. 

2) The magnitude of relative permittivity of β-dispersion increases with the 

increasing of cell perimeter / surface area to membrane thickness 

increases. 
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5 Mechanism of frozen-thawed effect analysed by contact electrode 

measurements and 2-D Finite Element Method 

5.1 Simulation model 

In this section, we designed a simulation model to simulate the integrity of cell 

membranes. The original model for the normal cell is the single shell model 

according to Asami [4]. The spherical cell model is shown in Figure 3-1.  

 

Figure 5-1: Disintegrate membrane modelling 

 

As the membrane is composed of lipid bilayer, its conductivity is extremely low. 

However, cell membrane becomes permeable after cell death mainly due to 

pores on membrane (structure of the membrane), not the membrane in terms 

of its material property. The pores enable the current to flow, which makes the 

membrane of dead cell has an apparent high conductivity (equivalent 

conductivity). So the dead cell model in our study is designed as a low 
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conductivity membrane with pores which allows current flow through the break 

points on the membrane. The main idea of the designed simulation model is to 

add break points on the cell model to simulate ruptured membranes. The 

break points are placed randomly on the cell model. The electrical parameters 

of the intracellular and extracellular fluid are set to be the same values. The 

conductivity and permittivity of the membrane model remain unchanged. The 

designed simulation model is shown in Figure 5-1, some break points are 

added so that the results can be compared with the original model. 

5.2 Sample preparation  

5.2.1 Saline solutions  

The saline solutions were prepared by mixing salt (NaCl) and distilled water. 

The conductivity of mixed saline solution was measured by a conductivity 

meter. Two sets of saline solutions were created with conductivity of 3 S/m and 

5 S/m respectively. The container of the saline solution is a 2L vessel with 

internal height of 20 cm.  

5.2.2 Biological samples 

Fresh potato and fresh loin pork are selected as the biological samples for the 

BIS measurement. The potato and loin pork are tested temperature between 

14 ˚C - 15 ˚C immediately after bought from the local store. The tested 

samples were frozen for 24 hrs between -5 ˚C - -6 ˚C and thawed for 12 hrs at 
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room temperature between 14 ˚C - 15 ˚C. The frozen-thawed food samples 

were tested under room temperature between 14 ˚C - 15 ˚C.  

5.2.3 Microscopic slides 

The microscopic slides of the frozen-thaw food samples (loin pork and potato) 

were prepared immediately after the measurement of the BIS. The thickness of 

the micro-section of food sample is 10 μm. The microscopic slides were 

stained by PI stainer and preserved in aseptic container. The microscopic 

observation experiment was conducted immediately after the preparation of 

the microscopic slides.  

5.3 Methods 

5.3.1 Impedance measurement set up 

The four-terminal method was used to minimise electrode polarisation. 

Impedance analyser Solatron 1260 was used to measure the impedance. The 

effective area of the measurement electrodes is 𝑆 = 2 𝑐𝑚 ∗ 3 𝑐𝑚 = 6 𝑐𝑚2, and 

the distance between the electric field measuring electrodes is 𝐿 = 6.6 𝑐𝑚. 

The conductivity can then be calculated by 𝜍 = 1/𝜌 = 𝐿/𝑅𝑆. 𝑅 is the real part 

of the measured impedance, ρ is the resistivity. The measurement samples are 

the saline solution, fresh potatoes, and frozen-thawed potatoes that have been 

stored in the freezer for 24 hrs. This measurement is to check the influence 

that freezing has on the impedance spectroscopy of potatoes. 
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5.3.2 Microscopic observation 

Fresh potatoes and pork were obtained from local stores. The potatoes and 

pork were divided into two groups; one group is frozen for 24 hrs at -6℃ and 

then frozen-thawed for 12 hrs at room temperature 15℃ before use but the 

other group is not frozen. The potato and pork slide was made immediately 

before experimentation. PI (Propidium Iodide [Jones and Senft, 1985]) stain is 

prepared by mixing distilled water with weight ratio 1:1. As introduced in 

section 2.5.3, the PI stain was used to check the integrity of cell membranes as 

the integrated membranes of living potato cells can prevent the PI stain from 

dyeing the starch grain and DNA within the cell. The microscope type is 

Zeiss-Axio scope A1 which can take a snapshot of fluorescent images. The 

control experiment is also divided into two groups: the control group is fresh 

potato and fresh pork slides stained with Propidium Iodide and the experiment 

group is the frozen-thawed potato and frozen-thawed slides stained with 

Propidium Iodide. Snapshots were taken directly from the Zeiss-Axio scope 

A1.  
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5.4 Results and discussion 

5.4.1 Electrode measurement of potato impedance 

As shown in Figure 5-2, the conductivity of fresh potatoes presents a 

dispersion ranging from 10 kHz to 10 MHz, which is in the range of 

β-dispersion. However, the conductivity of the frozen-thawed potatoes shows a 

dispersion starting at 10 Hz, which is in the range of α-dispersion. According to 

Schwan, α-dispersion is caused by the relaxation of ion flows and β-dispersion 

is due to Maxwell-Wagner’s effect [71] [72]. To identify the frequency range of 

the dispersion, a measurement of saline solution is carried out as shown in 

Figure 5-2 (a). The saline solution is made by mixing salt (from a local market) 

and tap water, and the concentrate of the solution is 5%. The saline solution 

only exhibits α-dispersion caused by ion flows. As shown in Figure 5-2 (a), the 

dispersion starts at 10 Hz and ends at around 10 kHz, which is the same as 

the results of the frozen-thawed potatoes. The spectroscopy of saline solution 

and frozen-thawed potatoes both show flat curves over the frequency range of 

10 kHz to 10 MHz. This result agrees with the previous work on frozen-thawed 

samples [73] [74].  

Given the measurement result can be influenced by many factors including 

measurement error, sample differences and operating error, the 

measurements were repeated several times to eliminate the accidental error.  

 



83 
 

 
Figure 5-2: Measurement results of the contact electrode method 

 

The results illustrate that the characteristics of the impedance spectroscopy of 

frozen-thawed potatoes mainly refers to ion flows, and that the 

Maxwell-Wagner effect caused by the low conductive membrane is 

significantly small. We can assume that the membranes of the frozen-thawed 

potatoes have been ruptured and can no longer block ion flows, so the 

conductivity of the frozen-thawed potatoes can only exhibit an α-dispersion. 

The Maxwell-Wagner effect, caused by the interfacial polarisation of cell 

membrane, is minimised due to the ruptured membranes. A microscopic 

experiment and an original FEM simulation model are designed to verify the 

assumption.  
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5.4.1.1 Microscopic experiment of potato cell 

The stainer used is PI which can stain DNA inside cells. As living cell 

membrane is semipermeable and blocks PI, propidium Iodide is commonly 

used as a stainer to identify membrane integrity. The results of the microscopic 

experiment are shown in Figure 5-3. In Figure 5-3 (a), the shape and 

structures of fresh potato cell can be observed clearly including cell walls (dark 

lines) and vacuole (the blob with dark edge and bright centre). The radius of 

the cell is approximately 7.5 𝜇𝑚 based on the scale shown in Figure 5-3 (a). 

However, in Figure 5-3 (b), there is no obvious boundary of the frozen-thawed 

potato cell since the cell wall and membranes are ruptured. The stained grains 

in Figure 5-3 (b) are the starch grains inside the potato cell and the radius of 

the starch grains is approximately 2.5 𝜇𝑚. There are obviously stained 

fluorescence grains in Figure 5-3 (b) while no visible stained objects can be 

observed in Figure 5-3 (a). This indicates that the fresh potato samples are not 

stained by PI while the frozen-thawed potato samples are distinctly stained. 

This is because a living and integrated potato cell membrane can block PI 

whereas a ruptured potato cell membrane cannot. And there are starch grains 

within the potato cells which can be stained by PI and observed under 

fluorescent microscope. The results show that the membranes of 

frozen-thawed potatoes are ruptured and can no longer prevent PI from dyeing 

the starch grains within the potato cells.  
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Figure 5-3: Microscopic result of (a) fresh potato (b) frozen-thawed potato 

 

5.4.1.2 Ruptured simulation model of potato impedance 

The conductivity of intra and extra cellular fluid is set to be 0.15 S/m according 

to the measurement result. The volume fraction of cell suspension is set to be 

0.8. The parameters of membrane are selected according to Asami [4]. The 

simulation results are shown in Figure 5-4 and Figure 5-5(b). Figure 5-4 shows 

the electric field distribution of the system which indicates that the current can 

flow through the ruptured cells at a lower frequency.  
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Figure 5-4: Electric potential distribution of frozen-thawed model 

 

Figure 5-5: Conductivity spectroscopy of (a) Measurement result (b) 

Simulation result 

 

In Figure 5-5, the conductivity of the ruptured potatoes is higher than fresh 

potatoes at a lower frequency. And the dispersion frequency of the ruptured 

potato is lower than that of the fresh potato. However, the conductivity of both 

ruptured and fresh potatoes converges to the same value at a higher 

frequency. These characteristics are the same as the results obtained from the 

electrode method measurement, which means that the designed FEM 

simulation model is suitable for the electrode method measurement. The 
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difference between the simulation and measurement results is that, due to the 

limitation of the FEM method, α-dispersion, caused by ion flows, cannot be 

simulated. So the impedance spectroscopy of ruptured potatoes cannot 

present α-dispersion at a lower frequency, as shown in Figure 5-5. However, 

the main characteristics of the simulation results are the same as the results 

obtained from the electrode method measurement. This means that the 

designed FEM simulation model is verified by the electrode method 

measurement. 

 

 

5.4.2 Electrode measurement of pork impedance 

5.4.2.1 Microscopic experiment of pork cell 

Figure 5-6 (a) is the normal pork cell. The dotted line circles the approximate 

shape of a single cell. Inside this cell, there is no stained object. The shape is 

not distinct because the pork cell has no cell wall comparing to potato cell, 

therefore, the cell shape of pork is hard to be maintained in the microscopic 

view. Figure 5-6 (b) shows the stained frozen-thawed cell. The shape of the 

frozen-thawed cell cannot be distinguished since the membrane is ruptured 

and there is no obvious boundary for each cell. The bright spots inside the 

frozen-thawed cells are the stained DNAs. It is obvious that the fresh pork cell 

is not stained by PI while the frozen-thawed pork cell is distinctly stained. 
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These indicate that the membrane of frozen-thawed pork cell is ruptured and 

cannot block PI stainer while the membrane of fresh pork is integrate.  

 

Figure 5-6: Microscopic result of (a) fresh loin pork (b) frozen-thawed loin pork 

 

5.4.2.2 Measurement and simulation result of pork impedance 

BIS measurements of fresh and frozen-thawed pork were carried out using 

four-terminal contact method. The electrodes were contacted with the fresh 

and frozen-thawed pork directly. Normal saline with 0.9% concentration was 

added between the electrodes and the pork to ensure good electrical 

connection. The impedance spectra were measured by Solatron 1260 

impedance analyser.  

The frozen-thawed pork only exhibits a 𝛼-dispersion starting at around 100 Hz 

and ending at 10 kHz (Figure 5-7(a)).  After 10 kHz, the conductivity remains 

unchanged with frequency and there is no obvious dispersion. The impedance 
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spectra of saline solution (Figure 5-2 (a)), which theoretically only exhibits 

α-dispersion, shows a similar result with the frozen-thawed pork. However, for 

the fresh pork, the most significant conductivity dispersion frequency is ranging 

from 50 kHz to 10 MHz which is in the range of 𝛽-dispersion. The fresh pork 

exhibits a complete 𝛽-dispersion while the frozen-thawed pork only exhibits an 

α-dispersion. This indicates that the Maxwell-Wagner effect is eliminated on 

the frozen-thawed pork.  

 

Figure 5-7: Conductivity spectroscopy of (a) measurement result (b) simulation 

result 

The simulation results were carried out based on the model shown in Figure 

5-1. The conductivity of intracellular and extracellular fluid is set to be 0.6 S/m 

which is close to the measurement result. The volume fraction is set to be 0.8. 

α-dispersion cannot be observed on the simulation result as α-dispersion 

cannot be simulated. However, the simulation result still shows the same 

characteristics with the measurement result. The conductivity of frozen-thawed 

pork is higher than fresh pork at low frequency and converges to the same 

value at higher frequency. The fresh pork exhibits 𝛽-dispersion ranging from 

10 kHz to about 10 MHz while frozen-thawed pork shows no significant 
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dispersion on the frequency range. In conclusion, the ruptured cell model has 

successfully simulated the electrical characteristics of frozen-thawed pork.  

 

In general, the measurement result verifies the simulation result of the ruptured 

cell model. The membrane of the frozen-thawed potato and pork is ruptured 

according to the microscopy experiment results. These indicate that the 

assumption is verified and can therefore be summarised as follows: the 

membranes of the frozen-thawed potato cells are ruptured; and the ruptured 

membranes reduce the influence of the Maxwell-Wagner effect. The effect of 

the frozen-thaw injury on impedance spectroscopy of potatoes is mainly 

caused by ruptured cell membranes. 

 

 

5.5 Summary  

This chapter analysed the mechanism of how frozen-thaw injury influences the 

impedance spectroscopy of potatoes. We assumed that the frozen-thaw injury 

mainly influences the impedance spectroscopy of a potato by breaking its cell 

membrane. In light of this assumption, an originally designed FEM model was 

identified and a microscopic experiment was then carried out, which 

successfully verified this assumption. The measurements were repeated 

several times to make sure there are no random results. We can therefore 
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conclude that frozen-thaw injury breaks the cell membrane of a potato, 

reducing the 𝛽-dispersion on the impedance spectroscopy of potatoes. 
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6 Mechanism of frozen-thaw effect analysed by non-contact induction 

measurements and 3-D Finite Element Method 

6.1 Measurement set up and sample preparations 

6.1.1 Measurement set up 

6.1.1.1 Measurement system 

A front end circuit is design to measure the change of conductivity and 

permittivity at frequency domain. There are mainly five parts of the circuit: 

signal generator, power amplifier, transmitter and receiver and a Zurich lock-in 

amplifier as shown in Figure 3-3 and Figure 3-4. 

The whole system is running at the following way: a sinusoidal wave is 

generated by the signal generator (Zurich lock-in amplifier) and amplified by 

the power amplifier. The amplifier input a high current to the transmit coil. And 

the current generates a magnetic field which would induce eddy currents in the 

tested cell suspension. The eddy currents would generate a second magnetic 

field which is detected by the receiver coil [38] [39]. This signal is obtained by 

Zurich lock-in amplifier and stored into PC. The impedance of the cell 

suspension influences the magnitude and phase of the signal detected by the 

receive coil. And in turn, the equivalent impedance of the suspension can be 

calculated by comparing the signal detected by the receiver and the transmitter. 

The receive coil is connected in opposite directions so that the magnetic field 
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induced by the same excitation is cancelled. And the receive coil only detects 

the magnetic field induced by cell suspension when the system is balanced 

[38].  

The measurement at each frequency has been repeated 100 times to obtain 

the average value and increase the SNR of the results. The measurement was 

repeated several times to eliminate the accidental error.  

6.1.1.2 Electrical conductivity measurement 

As introduced in chapter 3.4, the measurement result is related to the 

conductivity and permittivity of suspension following the equation [39]: 

∆𝑉

𝑉
= 𝑃𝑓𝜇0(2𝜋𝑓𝜀0𝜀𝑟 − 𝑗𝜍) + 𝑄𝑋          (6-1) 

P is a constant of volume factor which is calibrated by saline solution with 

certain conductivity. 𝑓 is the frequency. 𝜀0, 𝜇0 are the permittivity and 

permeability of vacuum respectively. σ , 𝜀𝑟 and 𝑋 are the electrical 

conductivity, relative permittivity and magnetic susceptibility of the sample. ∆V 

is the detected electromotive force from receive coil while V is the excitation 

from the transmit coil. It can be obtained from the equation that conductivity is 

proportion to the imaginary part of 
∆𝑉

𝑉
 and permittivity is proportion to the real 

part of 
∆𝑉

𝑉
 [O'Toole et al, 2015]. The conductivity can be derived as: 

𝜍 = −
𝐼𝑚(

∆𝑉

𝑉
)

𝑃𝑓𝜇0
= 𝐾

𝐼𝑚(
∆𝑉

𝑉
)

𝑓
             (6-2) 

where 𝐾 =
−1

𝑃𝜇0
 and K is a constant. The constant K can be calibrated by 

measuring saline solutions with certain conductivity. 
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6.2 3-D simulation model 

6.2.1 Custom cellular parameters for FEM simulations 

The spherical cell model is shown in Figure 3-1. According to Asami [4] [47], 

the electrical parameters of the cell model are:  

𝜀𝑚
∗ =

𝜍𝑚
∗

𝑗𝜔𝜀0
=

𝑘𝑚+𝑗𝜔𝜀𝑚𝜀0

𝑗𝜔𝜀0
            (6-3) 

𝜀𝑐
∗ =

𝜍𝑐
∗

𝑗𝜔𝜀0
=

𝑘𝑐+𝑗𝜔𝜀𝑐𝜀0

𝑗𝜔𝜀0
             (6-4) 

𝜀𝑎
∗ =

𝜍𝑎
∗

𝑗𝜔𝜀0
=

𝑘𝑎+𝑗𝜔𝜀𝑎𝜀0

𝑗𝜔𝜀0
            (6-5) 

6.2.2 Frozen-thawed cellular model 

The frozen-thaw injury damages the cell membranes. Therefore, the 

frozen-thawed cellular model is designed as a original custom cellular model 

with disintegrate membranes as shown in Figure 6-1. The cylinder in Figure 

6-1 stands for the cell suspension (mixing of cellular fluid and frozen-thawed 

cell). The membrane of the frozen-thawed cellular model is ruptured, the intra 

and extra cellular fluid are mixed as one fluid. The conductivity and permittivity 

of intra and extra mixing fluid of frozen-thawed are 1 S/m and 80 respectively. 

The other electrical parameters of the frozen-thawed cellular model are set to 

be the same with custom cellular model. This model is aimed at simulating the 

influence of disintegrate membranes on bio-impedance spectroscopy.  
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Figure 6-1: 3-D frozen-thawed cell suspension model 

 

 

6.2.3 Calculation of equivalent complex conductivity 

A new method of calculating equivalent complex conductivity of cell 

suspension along eddy current direction is introduced.  

The eddy current density flows in the suspension should be 

𝐽(𝑖) = 𝜍(𝑖)𝐸(𝑖)               (6-6) 

where 𝐸(𝑖) denotes the vector sum of the electrical field on all the edges of 

each tetrahedral element. 𝜍(𝑖) is the complex conductivity parameter (with 

real part the conductivity and imaginary part related to the permittivity ) of the 

of each tetrahedral element. 

Assuming there is another background suspension with uniform dielectric and 

the suspension has exactly the same shape with simulated cell suspension. 

This uniform suspension is named equivalent model. 

Since the normal component of E-field relative to each cylindrical cross-section 

surface is identical throughout the whole target, then  
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∑ 𝑛⃗ ∙ 𝐸(𝑖) = ∑ 𝑛⃗ ∙ 𝐸𝑠
(𝑖)

                                          (6-7) 

where, 𝐸𝑠
(𝑖)

 denotes the background E-field of the of each tetrahedral element 

(equivalent model); 𝑛⃗  is the normal unit vector relative to the surface of target;  

Since the equivalent suspension has uniform properties, the electrical 

background field 𝐸𝑠
(𝑖)

 is vertical to the cylindrical cross-section surface. Then 

the equivalent complex conductivity of the original suspension (arranged cells 

within the suspension) can be deduced from (12) and (13) that 

𝜍𝑠 =
∑𝐽𝑠

(𝑖)

∑ 𝑛⃗ ∙
𝐽(𝑖)

𝜎(𝑖)

               (6-8) 

𝜍(𝑖)  is the complex conductivity of each tetrahedral element. 𝐽𝑠
(𝑖)
    is the 

eddy current density through each cylindrical cross-section of equivalent 

suspension model. 𝐽(𝑖)   is the eddy current density through each cylindrical 

cross-section of the original suspension model with arranged cells. The current 

flow direction 𝑛⃗  on each cylindrical cross-section surface is shown in Figure 

6-2. The direction can be easily derived: 

𝑛⃗ = (sin(𝜃) , − cos(𝜃))            (6-9) 

where θ = 𝑡𝑎𝑛−1 (
 

 
). 𝑥 and 𝑦 are the coordinates of the nodes on 𝑥 −axis 

and 𝑦 −axis respectively. 
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Figure 6-2: current flow direction (top view of cell suspension model) 

 

Then the complex conductivity can be calculated based on equation (6-8) and 

the permittivity is simply dividing the imaginary part by jω𝜀0. 

 

6.3 Results and discussion 

6.3.1 Measurement result of fresh samples 

The biological samples are fresh loin pork and fresh potato (obtained from 

local store). The conductivity of the samples is calculated by equation (3-19). 

The value of constant K is calibrated by measurements with 3 S/m and 5 S/m 

saline solutions. Since the value of K has error on different frequencies, it is 

calculated at each sampling frequency to improve the accuracy of the 

conductivity measurement. 
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Figure 6-3: Conductivity spectroscopy of loin pork 

 

In the first test we measured the fresh food group as a control group. The 

measurement at each frequency has been repeated 100 times and the 

average value is plotted in Figure 6-3 and Figure 6-4. The conductivity of fresh 

loin pork is stable at lower frequency and higher frequency and the dispersion 

frequency is ranging from 800 kHz to 3 MHz (Figure 6-3). The curve is in 

reasonable agreement with 𝛽-dispersion. For the conductivity spectra of fresh 

potato, the 𝛽-dispersion is ranging from 400 kHz to about 2 MHz (Figure 6-4). 

The measurement accuracy is 0.01 S/m and signal to noise ratio (SNR) is 15. 

Both fresh potato and fresh loin pork samples exhibit clear 𝛽-dispersion which 

is the basic electrical characteristic of living bio-tissues. The results agree with 

published works such as Barai and Michael [38] [39] .  
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Figure 6-4: Conductivity spectroscopy of potato 

 

 

6.3.2 Measurement result of frozen-thawed samples 

The tested samples were frozen for 24 h between -5 ˚C - -6 ˚C and thawed for 

12 h at room temperature between 14 ˚C - 15 ˚C. Frozen process ruptures the 

cell membranes of biological samples and eliminates the Maxwell-Wagner 

effect. Thus, the curve of conductivity spectra is expected to be flat and no 

β-dispersion can be observed. 

The conductivity spectra of frozen-thawed loin pork and frozen-thawed potato 

are shown in Figure 6-3 and Figure 6-4 respectively. The curves are flat 

comparing with the conductivity spectra of fresh potato and fresh loin pork, and 

no dispersion can be observed from the results of frozen-thawed samples. 

𝛽-dispersion is eliminated in the frosted samples. According to published 

works such as Chen and Wei [13] [15] [82], the frozen-thawed chicken breast 
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samples exhibit a flat resistivity over the frequency range of 𝛽-dispersion. The 

bio-impedance spectroscopy of other food products such as eggplant [79], 

grass carp, tilapia [80] and sea bass [74] has been carried out by previous 

published works. All the conductivity spectra of the fresh food products show a 

complete 𝛽-dispersion while the frozen-thawed food products exhibit flat 

conductivity spectra over the frequency range of 𝛽-dispersion [86] [87] [88] 

[89]. So our own measurement results agree with the expectations on the 

bio-impedance spectroscopy of frozen-thawed samples of the previous 

published works.  

 

 

6.3.3 Finite element method result 

As the volume fraction and membrane thickness is hard to measure for the 

measurement samples, the electrical parameters of the cell model are 

selected according to Asami [4]. Figure 6-5 and Figure 6-6 show the eddy 

current distribution of custom and frozen-thawed cellular model at low 

frequency and high frequency respectively. The custom cell membrane is not 

conductive at low frequency and the custom cell model becomes electrically 

invisible at high frequency since the membrane behaves conductive at higher 

frequency. However, the frozen-thawed cellular model allows current to flow 

through the cell at low frequency. The rupture membrane of frozen-thawed 
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cellular model becomes electrical invisible at high frequency as shown in 

Figure 6-6.  

 

Figure 6-5: Eddy current distribution at low frequency 1 kHz. 

 

 

Figure 6-6: eddy current distribution at high frequency 10 MHz. 

 

The equivalent conductivities of the cellular models are calculated according to 

equation (6-8). The conductivity spectra of fresh model show a 𝛽-dispersion at 

radio frequency while the curve of frozen-thawed model is flat over the 

frequency range of 𝛽-dispersion (Figure 6-7). Therefore, the simulation results 
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agree with the measurement results that the frozen-thaw progress eliminates 

the characterised 𝛽-dispersion of the bio-impedance spectroscopy. A 

microscopic experiment has been carried out to validate that the membranes 

of the frozen-thawed food samples are damaged.  

 

Figure 6-7: 3-D FEM simulation result for fresh model and frozen-thawed 

model 

 

 

6.4 Validation methods 

6.4.1 Analytical solution 

The analytical solution to equivalent complex relative permittivity of the custom 

single cell model has been introduced in chapter 3.1.  

The electrical parameters of the dead cell model are obtained according to 

Patel [16].  
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Figure 6-8: Analytical result of fresh model and frozen-thawed model 

 

 

Since the parameters of fresh model are the same, the conductivity magnitude 

and dispersion frequency of analytical result are approximated the same with 

the FEM simulation result. The analytical result in Figure 6-8 agrees with the 

simulation result in Figure 6-7. Both fresh model results show a β-dispersion 

over a frequency range from 200 kHz to 10 MHz. However, both the frosted 

model results show a flat curve over the frequency range of β-dispersion. 

Thus, the analytical solution result is agreed with FEM simulation result. 

 

6.4.2 Microscopic experiment 

A microscopic experiment has been carried out to validate the frozen-thaw 

effect on the integrity of cell membranes. Propidium Iodide (PI) is selected to 

be the chemical stainer for food samples. The characteristic of PI is that it can 
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only stain dead cells with disintegrate membranes while integrate membrane 

can prevent living cells from the PI stainer. Therefore, PI is an effective stainer 

to identify the integrity of cell membranes. The PI stainer is prepared by mixing 

Propidium Iodide with distilled water (weight ratio 1:1). The food sample slides 

are prepared immediately after impedance measurement. The microscope is 

Zeiss-Axio scope A1 which is a fluorescent scope and it is capable to take 

snapshot during the microscopic observations. 

The microscopic view of fresh and frozen-thawed potato is shown in Figure 5-3. 

For the fresh potato, the dark lines represent the cell walls and the bright spot 

is the vacuole of fresh potato cell. The shape of the fresh potato cell is distinct 

and the cell has not been stained by the PI. However, the frozen-thawed potato 

cell has no distinct cell walls and membranes and the cell has been stained by 

PI. The fluorescent grain in frozen-thawed potato cell is the stained starch 

grain stained by PI. This result validates that the membrane of the 

frozen-thawed potato cell has been ruptured and the membrane of fresh potato 

is integrate.  
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Figure 6-9: microscopic view of fresh and frozen-thawed loin pork cells. 

 

Figure 6-9 shows the microscopic view of fresh and frozen-thawed loin pork 

cells. The cell shape of the fresh loin pork is marked by imaginary grey line in 

Figure 6-9. The fresh loin pork cell has not been stained by PI while the 

frozen-thawed loin pork cell has been stained. The fluorescent spots in 

frozen-thawed loin pork are the stained DNAs of the cell. The microscopic 

experiment results on potato and loin pork samples agree with the 

frozen-thawed cell model that the membrane of the cell has been ruptured 

after frozen-thaw injury.  

 

6.5 Summary 

A non-contact induction measurement method for biological samples is 

introduced which can be used to obtain the bio-impedance spectra of 

bio-samples with frequency ranging from 400 kHz to 6 MHz. The prominent 
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feature of the system is the high accuracy of 0.01 S/m, the rapid measurement 

speed and the entire non-destructive process, which is well suited for medical 

or industrial applications. The measurements are repeatable with high stability.  

An induction FEM model to simulate the non-contact measurement is 

presented and validated by analytical solutions and microscopic experiments. 

The induction simulation model is a more accurate approach to non-contact 

measurement comparing with the existing electric field simulation model. The 

result of FEM simulation agrees with the measurement result.  
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7 An acceleration method for thin shell finite element models 

7.1 Introduction 

In this section, a method for accelerating eddy current calculation on a cell 

model using the finite element method (FEM) is presented. Due to the tiny 

thickness of cell membrane, an accurate cell model requires a large number of 

mesh elements and hence intensive computation resources. An acceleration 

method is therefore proposed to reduce the number of mesh elements and 

thus reduce the computational time. It is based on the principle of replacing the 

thin cell membrane with an equivalent thicker structure. The method can 

reduce the number of mesh elements up to 20% and the computational time to 

a fraction with an error of less than 1%. The method is verified using 2-D and 

3-D finite element methods and can potentially be extended to other thin shell 

structures. The simulation results are verified by measurement and analytical 

results. 

Analytical solutions are well developed to calculate the 𝛽-dispersion [4] [41]. 

However, the analytical solution is only designed to analyse the models with 

regular shape (i.e. spherical cell model) [4], [67]. In reality, most cell shapes 

are anomalous. FEM is a feasible way to simulate the dielectric dispersions for 

models with irregular shapes [90].  
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The difficulty of FEM is that the number of meshing elements is significantly 

large due to the tiny thickness of cell membrane. It takes a long time to 

compute with numerous meshing elements. The FEM acceleration method is 

proposed to reduce the number of meshing elements and computing time by 

replacing the full-mesh membrane model with an equivalent reduced-mesh 

model. It is used to simulate spherical and oval cell model in 2-D and 3-D 

versions.  

 

7.2 Custom cell models based on 2-D and 3-D FEM 

7.2.1 CELL MODEL 

 

The custom cell model is the single shell spherical mode, which has been 

introduced in chapter 3. The spherical cell model is shown in Figure 3-1 [4]. 

The 2-D simulation model is a single cell model as shown in Figure 3-1.The 

spherical cell is put in a suspension with applied alternating electric field. The 

cell membrane blocks the current flow between intra-cellular and extra-cellular 

fluid due to the low conductivity. This results in Maxwell-Wagner effect, an 

interfacial polarisation of the cell membrane blocking the ion-flow of intra and 

extra cellular dielectrics. The Maxwell-Wagner effect leads to a dispersion on 

conductivity and permittivity at frequency ranging from 100 kHz to 10 MHz. 

This dispersion is introduced as 𝛽-dispersion.  
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7.2.2 3-D FEM SIMULATION 

An induction model is built for the 3-D FEM simulation. As shown in Figure 7-1, 

the cylinder stands for the cell suspension and the spherical model stands for 

the cell. Imaginary transmitter and receiver coils are put on the top of the 

suspension to provide alternating magnetic field as an exciting signal and 

detect induced secondary magnetic field.  

 

 

Figure 7-1: 3-D single cell model 

 

 

In Figure 7-1, an alternating current is applied to the transmitter coil and an 

alternating magnetic field is induced [38]. The basic theory of finite element 

method was introduced in chapter 3.3.  
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7.3 Acceleration model 

 
Figure 7-2: Acceleration model 

The complicated calculation progress and the long computational time are 

caused by the large number of meshing elements around the thin membrane. 

The number of meshing elements can be reduced by enlarge the membrane 

thickness. However, changing the membrane thickness affects the conductivity 

spectrum of the cell suspensions. The aim of the proposed acceleration 

method is to keep the accuracy of simulation result while enlarge the 

membrane thickness (reducing number of elements). This acceleration 

method replaces the full-mesh model with an equivalent thicker membrane 

(reduced-mesh model) with an equivalent complex conductivity, as shown in 

Figure 7-2. In Figure 7-2 𝑀1 is the full-mesh model membrane with normal 

thickness 𝑙1. M2 is the enlarged part of the reduced-mesh model membrane 

with thickness 𝑙2. R is the radius of the cell model. The electrical parameter of 

the membrane M2 is exactly the same as that of the intra-cellular fluid. 𝑀1 

and 𝑀2 combine as a thicker equivalent membrane (i.e. reduced-mesh model 
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membrane). The thickness of the reduced-mesh model membrane is 𝑙1 + 𝑙2. 

The equivalent complex conductivity of the reduced-mesh model membrane is 

calculated by equation (6-8). The number of meshing elements is reduced due 

to a thicker equivalent membrane. However, with the equivalent complex 

conductivity, the behaviour of Maxwell-Wagner effect which leads to 

𝛽-dispersion remains the same. 

The parameters of the membrane 𝑀1 and 𝑀2 can be expressed as: 

𝜍1
∗ = 𝜍1 + 𝑗𝜔𝜀1𝜀0               (7-1) 

𝜍2
∗ = 𝜍2 + 𝑗𝜔𝜀2𝜀0               (7-2) 

where 𝜍1
∗ and 𝜍2

∗ are the complex conductivity of 𝑀1 and 𝑀2. 𝜍1 and 𝜍2 

are the conductivity of 𝑀1 and 𝑀2  respectively. 𝜀1 and 𝜀2 are the relative 

permittivity of 𝑀1 and 𝑀2 respectively. 𝜀0 is the permittivity of vacuum. 

𝜔 = 2𝜋𝑓 where 𝑓 is the frequency. 𝑗 is the imaginary unit. 

Considering the two membranes 𝑀1 and 𝑀2 are connected as two 

electrolytes in series. The total impedance Z is: 

Z = 𝑍1 + 𝑍2 =
𝑙1

𝜍1
∗𝑆1
+

𝑙2

𝜍2
∗𝑆2

           (7-3) 

where 𝑍1 and 𝑍2 are the impedance of the 𝑀1 and 𝑀2 respectively. 𝜍1
∗ 

and 𝜍2
∗ are the complex conductivity of 𝑀1 and 𝑀2 respectively. 𝑙1 and 𝑙2 

are the thickness of the 𝑀1 and the 𝑀2 in Figure 7-2 respectively. 𝑆1 and 𝑆2 

are the area of 𝑀1 and the 𝑀2 respectively. As 𝑙1 and 𝑙2 are negligible 

comparing with radius R, the area 𝑆1 = 𝑆2.  

Then the equivalent complex conductivity can be derived as: 
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Z =
𝑙1

𝜍1
∗𝑆1
+

𝑙2

𝜍2
∗𝑆2

=
𝑙1𝜍2

∗+𝑙2𝜍1
∗

𝜍1
∗𝜍2

∗  
1

𝑆1
=

(𝑙1+𝑙2)

𝜍𝑒
∗  

1

𝑆1
       (7-4) 

𝜍𝑒
∗ =

(𝑙1+𝑙2)𝜍1
∗𝜍2

∗

𝑙1𝜍2
∗+𝑙2𝜍1

∗               (7-5) 

𝜍𝑒
∗ is the complex conductivity of the equivalent membrane (reduced-mesh 

model membrane).  

 

7.4 Results and discussion 

7.4.1 2-D FEM cell models 

7.4.1.1 Full-mesh model 

 

The full-mesh model membrane thickness is 5 nm. There are two simulations 

with the equivalent membrane (reduced-mesh model) thickness of 10nm and 

20nm respectively. The ratio between the full-mesh model membrane (M1 in 

Figure 7-2) thickness and the enlarged part of reduce-model membrane 

(membrane M2 in Figure 7-2) thickness is 1:1 and 1:3 respectively. The 

simulation results are the progress of β-dispersion which reflects dispersions 

on relative permittivity and conductivity, as shown in Figure 7-3 and Figure 7-4.  

  

 

As shown Table 7-1, the number of elements of full-mesh model can be 

reduced to 24% when the equivalent membrane (reduced-mesh model) is four 

times as the thickness of the full-mesh model membrane (M1 to M2 thickness 
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ratio is 1:3). The computational time is reduced from 73 minutes to 13 minutes 

with only 0.2% relative error on the simulation result. The computing time of 

the reduced-mesh model is 18% of full-mesh model. The spectroscopy of 

conductivity and relative permittivity is shown in Figure 7-3 and Figure 7-4, the 

results of reduce-model and full-mesh model show the same magnitude over 

the same frequency range with a relative error less than 0.2%. The 

β-dispersion of the reduce-model and full-mesh model both starts at 100 kHz 

and both ends at 10 MHz. This shows that the reduced-mesh model can 

significantly accelerate the computing progress with only a tiny error on the 

result in 2-D-FEM spherical model simulation. 

Table 7-1: Result of 2-D acceleration model 

Ratio(full-mesh 

thickness 

/inserted 

thickness) 

Number of elements Relaive 

Error 

(%) 

Computing 

time(minutes) 

original 73092 N/A 73  

1:1 35272 (reduced to 

48.3%) 

0.07 28  

1:3 17342 (reduced to 

23.7%) 

0.2 13  
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Table 7-2: Result of 2-D deformation acceleration model 

Ratio (full-mesh 

thickness 

/inserted 

thickness) 

Number of elements Relative 

Error (%) 

Computing 

time 

Original(a=12,b=2) 133184 N/A 2hrs 

24minutes   

1:1 64600 (reduced to 

48.5%) 

0.04 62 minutes 

1:3 32097 (reduced to 

24.1%) 

0.11 25 minutes 

 

 

 

 

 

 

 

 



115 
 

Table 7-3: Result of 3-D acceleration model 

Ratio (full-mesh 

thickness 

/inserted 

thickness) 

Number of elements Relative 

Error (%) 

Computing 

time 

original 205604 N/A 4hrs 

37mins 

1:1 141870(reduced to 69%) 0.4 3hrs 5mins 

1:3 57934(reduced to 28%) 2 71mins 

 

 

 

 

Figure 7-3: Relative permittivity of 2-D single spherical cell model 
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Figure 7-4: Conductivity of 2-D single spherical cell model 

7.4.1.2 DEFORMATION MODEL 

 

This simulation is to verify that the acceleration method works not only on 

spherical cell model but also a deformation model (oval model). 

The deformation model is an oval model in order to simulation the cell 

deformation. The electrical parameters of the oval model are the same with 

that of the custom spherical model. The model is shown in Figure 7-5, where 𝑎 

and 𝑏 are the length of the semi-major and semi-minor axis respectively. The 

length of semi-major axis is set to be 𝑎 = 12 𝜇𝑚 and the length of semi-minor 

axis is set to be 𝑏 = 2 𝜇𝑚. 𝑘𝑎 and 𝑘𝑐 are the conductivity of the extra-cellular 

and intra-cellular fluid respectively. 𝜀𝑐 and 𝜀𝑎 are the relative permittivity of 

the intra-cellular and extra-cellular fluid respectively.  𝜀𝑚 is the relative 

permittivity of cell membrane. 𝑑𝑚is the membrane thickness. The full-mesh 

model membrane thickness is still 5𝑛𝑚 and the electrical properties are 
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calculated using equation (6-8). The simulation result of 𝛽-dispersion is shown 

in Figure 7-6, Figure 7-7 and the parameters of the computing time and error 

are shown in Table 7-2. 

The number of elements of full-mesh model can be reduced to 24.1% as 

shown in Table 7-2 and the computational time is reduced from 2hrs 24mins to 

25mins. The simulation error between reduced-mesh model and full-mesh 

model is only 0.11%. As shown in Figure 7-6 and Figure 7-7, the results of 

full-mesh model and reduced-mesh model exhibits 𝛽-dispersion with tiny error 

in the same frequency range. The results show that the acceleration method is 

feasible to simulate not only the spherical model but also the deformation 

model (oval model). The computational time is significantly reduced with an 

acceptable error.  

 

 

 

 

Figure 7-5: Deformation model 
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Figure 7-6: Relative permittivity of 2-D single deformation cell model 

 

Figure 7-7: Conductivity of 2-D single deformation cell model 

7.4.2 3-D FEM cell models 

The simulation model used for 3-D FEM simulation is the 3-D single sphere 

cell model shown in Figure 7-1. The radius of the cell model is set to be 5 μm 

and the membrane thickness is 5nm. The top view of eddy current distributions 

at the low frequency of 1 kHz and the high frequency of 10 MHz are shown in 

Figure 7-8. The single cell model blocks eddy currents at the low frequency 

and becomes conductive at the high frequency which meets the expectations 
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of Maxwell-Wagner effect and other published work [32] [91]. 

The full-mesh model membrane thickness is 5 nm. There are two 

reduce-models with equivalent thicker membrane (reduced-mesh model) 

thickness of 10nm and 20nm respectively. The ratio between the full-mesh 

model membrane thickness and the reduced-mesh membrane thickness is 1:1 

and 1:3 respectively. The relative permittivity and conductivity results are 

shown in Figure 7-9 and Figure 7-10. 𝛽-dispersion can also be observed in the 

figures. The 𝛽-dispersion of the full-mesh model and reduced-mesh model 

has a relative error of 2% on the magnitude. The frequency range of the 

𝛽-dispersion of full-mesh model and reduced-mesh model are the same, 

ranging from 100 kHz to 10 MHz. The results, including the number of 

elements, the computational time and the error of full-mesh model and 

reduced-mesh model are shown in Table 7-3. The number of elements of 

full-mesh model can be reduced to 28% as shown in Table 7-3 and the 

computational time is reduced from 4hrs 37mins to 71mins. The simulation 

error between the reduced-mesh model and the full-mesh model is 2%. The 

error is larger than 2-D simulation result but it is acceptable for 𝛽-dispersion 

simulations. The results show that the acceleration method is feasible to 

simulate 3-D spherical model. The computational time is significantly reduced 

with an acceptable error. 
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Figure 7-8: (a) Eddy current flow at the low frequency of 1 kHz (b) Eddy current 

flow at the high frequency of 10 MHz (c) Eddy current density at low frequency 

1 kHz (d) Eddy current density at high frequency 10 MHz 

 

The results show that the acceleration method is feasible to simulate three 

dimensional spherical model. The computing time is significantly reduced with 

acceptable error.  
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Figure 7-9: Relative permittivity of 3-D single spherical cell model 

 
Figure 7-10: Conductivity of 3-D single spherical cell model 

 

7.4.3 Validation methods 

7.4.3.1 Contact electrode method 

The contact electrode measurement method has been introduced in section 

2.5.1. The electrode is contacted directly to the samples to measure the 

impedance over the samples using an impedance analyzer. The measurement 

sample is fresh potato (obtained from a local market). This measurement is to 

validate the FEM simulation results. All the FEM simulation parameters are set 
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to be the realistic values obtained from the measurement.

 

Figure 7-11: Impedance spectroscopy of the FEM and measurement results. 

In Figure 7-11, the FEM and measurement results show similar 𝛽-dispersion 

with the same dispersion frequency range. There is some error on the 

magnitude of the conductivity between the measurement results and 

simulation results. However, the error is acceptable for the simulation 

approach. The conductivity of measurement and simulation results is low at 

the low frequency and the dispersion starts at around 50 kHz. The dispersion 

ends at around 2 MHz and the conductivity of measurement and simulation 

result is increased to 0.15 S/m. The spectroscopy curve is flat over the higher 

frequency range. The measurement results validated the full-mesh and 

reduced-mesh FEM simulation results and agreed with other published work 

[28] [91] [92]. 
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7.4.3.2 Analytical solution 

The analytical solution method has been introduced in section 3.1.  

 

Figure 7-12: Calculated conductivity of the analytical solution and the FEM 

simulation 

 

Figure 7-13: Calculated relative permittivity of the analytical solution and the 

FEM simulation 

In Figure 7-12 and Figure 7-13 both the analytical and FEM results show the 

same magnitude and frequency range of beta dispersion with a relative error 

less than 0.1%. The volume fraction of the cell is set to be the same as 

P=3.5%. The magnitude and frequency range of 𝛽-dispersion on the full-mesh 

model and reduced-mesh model agree with the analytical results. The result 
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validates that the 3-D FEM simulation on cell suspension is accurate and the 

improved acceleration method is also validated. So the proposed acceleration 

method can be applied on further FEM simulations on irregular shape cell 

models and thin shell models. 

 

7.5 Summary 

 

This chapter proposed a method to accelerate FEM calculation with bio-cell 

models. The idea is to replace the thin membrane (full-mesh model) with an 

equivalent thicker membrane (reduced-mesh model). Then the number of 

meshing elements of full-mesh model is reduced and thus the computational 

time is reduced.  

According to the simulation results, the reduced-mesh model can be used in 

both 2-D and 3-D FEM simulations. The amount of computational time is 

significantly reduced with a relative error no more than 0.5% in 2-D simulation. 

The relative error on 3-D simulation result is no more than 2%. All simulation 

results are validated by the measurements and analytical results.  

The proposed acceleration method is validated to be fast and accurate on cell 

models. It also has potential for all other thin shell FEM models.   
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8 Conclusions and future work 

8.1 Conclusions 

This thesis focuses on analysing the bio-impedance spectroscopy based on 

the two measurement systems and finite element simulation method. The 

major work of this thesis was to build up two measurement systems, i.e. 

contact electrode system and non-contact induction system, to measure the 

bio-impedance spectroscopy of frozen-thawed food samples. In addition, a 

modelling method for frozen-thawed samples and an acceleration method for 

thin shell cell model are proposed for simulating the bio-impedance 

spectroscopy. The author further proposed simulation analysis about the 

influence of cellular structure, including cell shape and membrane thickness, 

on bio-impedance spectroscopy.  

 

8.1.1 Cellular structure influence on bio-impedance spectroscopy 

The influence of cellular structure, including cell shape and membrane 

thickness, on bio-impedance spectroscopy was further analysed based on 

finite element simulation method, as described in chapter 4. There are several 

conclusions drawn from the simulation results: 

1) Deformed oval cell model exhibits β-dispersion with a larger magnitude 

than that of the sphere cell model.  



126 
 

2) The oval cell model with less orientation angle towards the applied field / 

current direction exhibits β-dispersion with a smaller magnitude than that 

of the oval models with a larger orientation angle towards the applied field/ 

current direction. 

3) The magnitude of relative permittivity of β-dispersion increases with the 

increasing of cell perimeter / surface area to membrane thickness 

increases. 

 

8.1.2 Frozen-thawed effect influence on bio-impedance spectroscopy 

The mechanism of how frozen-thawed effect influences the bio-impedance 

spectroscopy of biological food samples was further analysed for building a 

simulation model and designing microscopic experiments, as described in 

chapter 5 and chapter 6. The findings are listed below: 

1) The measurement results show that the fresh food samples with intact cell 

membrane exhibit a complete β-dispersion while the frozen-thawed food 

samples only exhibit a flat conductivity curve over the frequency range of 

the β-dispersion.  

2) The β-dispersion caused by the Maxwell-Wagner effect occurs at the cell 

membrane. To verify the frozen-thawed injury to cell membrane, a 

microscopic experiment was designed to detect the integrity of the cell 

membrane of fresh food samples and frozen-thawed food samples. The 
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microscopic experiment shows that the cell membrane of fresh food 

samples is integrate while the cell membrane of frozen-thawed food 

samples is ruptured. 

3) A simulation modelling of cell with disintegrate membrane was carried out 

to verify the measurement and microscopic experiment results.  

Based on the measurement and simulation results, it can be concluded that 

the frozen-thawed effect influences the bio-impedance spectroscopy by 

damage the cell membrane.  

8.1.3 Acceleration method for thin shell FEM models 

An acceleration modelling method for thin shell finite element method was 

proposed, as described in chapter 7. The acceleration method is to reduce the 

meshing elements by building an equivalent model with thicker membrane. 

Based on this acceleration modelling method, the computation time of 

reduced-mesh model can be significantly reduced to 24% of the computation 

time of a full-mesh model. This method has been validated by the analytical 

solution and measurement results. Some conclusions are presented below: 

1) When applied to a 2-D spherical model, the computational time of the 

reduced-mesh model decreased to 18% of that of the full-mesh model, with 

a relative error of 0.2%. 

2) When applied to a 2-D oval model, the computational time of the 

reduced-mesh model is reduced to 17.3% of that of the full-mesh model, 
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with a relative error of 0.11%. 

3) When applied to a 3-D spherical model, the computational time of the 

reduced-mesh model is reduced to 25.6% of that of the full-mesh model, 

with a relative error of 2%. 

 

8.2 Summary of contributions 

1) A FEM solver was built to analyse the influence of cellular structure (cell 

shape, membrane thickness and cell orientation) on the BIS. This work is of 

great significance in BIS area, since there was little research on how the 

cellular structure influences the result of BIS. 

2) Proposed an acceleration method for FEM thin cell membrane modelling. 

This method can reduce the computational time up to 25% with only 

relative error within 0.4%-2%. It can be applied on not only BIS simulation 

but also other thin shell FEM models. 

3) Two measurement systems (the contact-electrode method and non-contact 

induction method) were built for analysing the BIS of the food samples. The 

BIS of food samples can be measured by the two measurement systems 

accurately and effectively.  

4) The mechanism of frozen-thaw effect was analysed by self-designed FEM 

modelling and measurement systems. The simulation and measurement 

results have been validated by the microscopic experiment. There was little 
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literature on discussing the mechanism of frozen-thaw effect. Hence, this 

work is of significant contribution to BIS area since.  

8.3 Future work 

To develop the measurement system for bio-impedance spectroscopy, further 

research is required based on the conclusions drawn from this study. 

1) Measuring the bio-impedance spectroscopy of moving food samples 

(e.g. in a conveyer belt) in real time. One of the applications of the 

technique developed in this thesis can be real time monitoring of food 

quality and therefore real time measurement is necessary. Currently, the 

measurement setup requires sample to be fixed, volume to be defined, and 

the average of measurements in a relatively long duration. In addition, the 

size of the sensor is relatively large (with a diameter of ~20cm) currently 

and this should be reduced for practical applications. With these further 

developments, the technique can realise its huge potential and meet the 

requirements for real world food industrial applications.  

2) For the non-contact induction measurement, the measurement frequency 

range currently is 400 kHz – 6 MHz. A larger frequency range of 

measurement is worth investigating by designing new sensors. This will 

further expand the materials the technique can inspect and provide clearer 

trend for β-dispersion.  

3) Design measurements on how cell membrane thickness and cell shape 
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influence the bio-impedance spectroscopy. While the thesis has produced 

simulation evidence of this phenomenon given the time constraint of this 

PhD project, it would be a significant progress if these can be validated in 

experiments and this will pave the way for distinguishing different kinds of 

cells/ tissues in real applications.  

4) For frozen-thaw effect, more time-control groups can be set to observe the 

change of bio-impedance spectroscopy with different frozen times and 

levels. This will further provide evidence and best practise for food 

preservation and possibly have implications for life/medical sciences. 
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