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    Abstract:Due to the increasing demand of wireless sensor and low power consumer electronic device demand, energy harvesting from human motion become more favoured in recent years. In this study, an energy harvester based on human foot strike is proposed. The kinetic energy is harvested by using the piezoelectric materials and converted into an electrical energy. The effect of different types and different circuit configurations of piezoelectric materials are investigated in this study. Besides, the effect of several factors such as human body weight, gender and walking speed are also investigated. It is found that the MCFT–41T–1.0A1–141 piezoelectric ceramic which is thinner and greater in diameter can generate the greatest amount of electrical energy, which is 30.97 μW, whereas the best configuration is series connection. Besides, the electrical energy generated by people with greater body weight and faster walking speed are also higher. Finally, results also showed that a male can generate greater amount of electrical energy when compared to female.


    Keywords: Energy harvesting, piezoelectric, human foot strike, electrical energy production


    1.INTRODUCTION


    In order to overcome resource depletion and pollution problem, researchers seek an alternative way to harness energy from renewable energy sources such as solar, wind, geothermal and hydropower.1,2 Unlike fossil fuel, these energy sources are replenished in a short period of time, which means that they will never run out. Renewable energy sources are also more environmental friendly. However, this type of renewable energy resources are vulnerable to weather and climate change.2 Since the weather and climate change is unpredictable and inconsistent, an alternate solution should be proposed in order to solve this problem.


    Human body is an alternative source of energy. It contains enormous quantities of energy which can be used to fuel the movement and essential body functions. However, most of the energy are wasted as heat and other types of energy. These wasted energy could be captured and turned into electricity. Harvesting energy from human body is more reliable than harvesting energy from natural resources. This is because the energy generated from human body will not be easily affected by the location and the weather. Nowadays, many technologies has been invented in order to harness energy from human body. Walking is a common activity in our daily life. In 2004, studies found that the average steps per day over 200 men and women are around 7,192 steps and 5,210 steps respectively.3 Therefore, the kinetic energy produced during walking or running are suitable to be harvested into an electrical energy.


    In the previous researches, there are several techniques which are used to harvest the energy from human foot strike. In 2001, Shenck and Paradiso from Massachusetts Institute of Technology (MIT) laboratory have proposed a system to convert a low frequency piezoelectric shoe signals into a continuous and reliable energy source.4 This is done by embedding a flexible piezoelectric materials and a simple mechanical structure into the shoes. The harvester model was built from the lead zirconate titanate, which is also known as PZT dimorph which made up of two back-to-back, single sided unimorphs is used to harvest the energy from the heel strike while the 16 layer laminated multilaminar polyvinylidene fluoride (PVDF) bimorph stave mounted under the toes and midsole is used to harvest the energy from the bending of the ball of the foot. The average output power generated by the harvester is on the order of 10 mW.


    Another research about harvesting energy from foot strike was also proposed by Xie and Cai.5 In this research, a piezoelectric energy harvester which consist of an amplification mechanism was introduced. When a person applied a foot strike on the V-slider, it causes the two symmetrically distributed H-sliders to produce a horizontal force, which will be delivered to the com-like clamper later. Since there is a static framework supported at the mid-points of the clamped bimorphs, this results in a symmetrically deformation in the PZT bimorph. In this harvester, the piezoelectric bimorphs deform in 31 mode causes a large mechanical strain to produce and hence a high efficiency of output power can be achieved. This harvester can provide a power density of 0.41 mW/cm3 at a frequency of 1.0 Hz.


    The piezoelectric works based on the piezoelectricity effect. Piezoelectricity effect states that when a mechanical stress is applied on a dielectric material, electrical charges will be generated across their boundaries.6 There are two mode which are commonly be used to distinguish the transduction mechanism of piezoelectric, which are 31 and 33 mode. In 33 mode, the direction of the electric polarisation is same as the direction of the applied stress while in 31 mode, the direction of the electric polarisation is perpendicular to the direction of the applied stress.


    One of the piezoelectric material which is available in the market is the PZT piezoelectric material. From the previous research, a study is carried out to investigate the factors that may influence the electric voltage generation of PZT.7 In the first experiment, the effect of the loading, frequency and number of PZT ceramic plates on the electric voltage generation are investigated. The results shows that as the loading value and the number of PZT ceramic plate increases, the maximum electric voltage also increases. However, the electric voltage is the highest when four PZT ceramic plate are used. The electric voltage decreases when the number of PZT ceramic plate is more than four. This is because the rigidity of the test samples increases when the number of PZT ceramic plate increases. When the number of PZT ceramic plate increases, the tensile strain is generated in the lower part of the PZT ceramic plate. The increase in the tensile strain results in the reduction of the electric voltage generation. Besides, the increase in frequency also increases its electric voltage generation. In the second experiment, the effect of stress area on the electric voltage generation is investigated. The electric voltage generated increases with the applied stress area.


    Since the stress applied to the piezoelectric material is one the factor that will affect the electrical energy generated from the piezoelectric material, it is important to understand the foot pressure distribution of human. In year 2014, Deepashini and his group presented a review of literature on plantar pressure distribution and factor that may affect the plantar pressure.8 There are several factors that may affect the foot pressure distribution such as gender, body weight and walking speed. The research shows that the foot contact area and pressure distribution of men are greater than women. However, the foot contact area and pressure distribution in the midfoot between genders has no differences. Besides, as body weight increases, the total contact area and the peak plantar pressure of the foot also increases. Furthermore, as the walking speed increases, the mean peak pressure under the heel, central, metatarsals and toes increases while the peak pressure under the midfoot and proximal forefoot decreases.


    In this paper, we present an energy harvesting system to generate electrical energy from human foot strike. This result is achieved by integrating the piezoelectric material into the insole of a shoes and attaching the harvesting circuit on our calf. The electrical energy produced by different types of piezoelectric material and different circuit configurations of piezoelectric material is investigated. The effect of three factors, which are human body weight, human gender and human walking speed on the production of electrical energy are also studied.


    2.MATERIALS AND METHODS


    This section presents and explains the methodology on the investigation of human kinetic energy harvesting from human foot strike. In this study, several components are used to build a harvester such piezoelectric material, single phase full wave bridge rectifier, voltage regulator and rechargeable battery as illustrated in Figure 1.
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      Figure 1:Block diagram of the harvester.

    


    Since every foot strike produces certain amount of stress, this stress represents the kinetic energy generated by the foot strike. A PZT ceramic which can be used to convert the stress into an electrical energy is used as a transducer in this study. It is selected because it has a lighter weight and smaller size which is suitable to be installed into a shoes. Three types of PZT ceramic are chosen to be test and see which of it is suitable to be used in this harvester. Table 1 shows the details of the PZT piezoelectric ceramic.


    Table 1:Details of PZT piezoelectric ceramic.


    
      
        	
          Type

        

        	
          Part Number

        

        	
          Diameter (mm)

        

        	
          Thickness (mm)

        
      


      
        	
          A

        

        	
          MCFT-27T-4.2AL-127

        

        	
          27

        

        	
          0.45

        
      


      
        	
          B

        

        	
          MCFT-31G-1.0A1-135

        

        	
          31

        

        	
          0.20

        
      


      
        	
          C

        

        	
          MCFT-41T-1.0A1-141

        

        	
          41

        

        	
          0.22

        
      

    


    In this study, the WC08G single phase full wave rectifier is used rather than build it by using four diodes to minimise the space. When the stress applied onto the PZT piezoelectric ceramic keep varying, the generated output voltage will also fluctuate. A voltage regulator is used in this study to regulate the voltage generated by the PZT piezoelectric ceramic into a constant voltage level which is suitable for battery charging. MAX666 voltage regulator is used in this study due to low power loss criteria. A rechargeable battery is used in this study to prove whether this harvester is suitable to be used to charge a battery. Since the output voltage of the voltage regulator is 5 V and the battery can only be charged when the charging voltage is slightly higher than the battery voltage, a 1.2 V AAA rechargeable battery with a capacity of 400 mAh is used in this study.


    Three types of PZT piezoelectric ceramic as mentioned in Table 1 are tested to see which of it can generate the greatest amount of electrical energy. Before the test is carried out, a machine which can be used to apply a periodic constant stress on the PZT piezoelectric ceramic as shown in Figure 2 is built. Since the electrical energy generated before and after the rectification need to be obtained in this stage, the terminal of the PZT piezoelectric ceramic must be connected to a single phase full wave bridge rectifier when taking the data of rectification signal.
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      Figure 2:Machine which can apply a periodic constant stress.

    


    In this test, the PZT piezoelectric ceramic is placed under the perspex. A power supply of 7 V, which can apply around 16 times of stress in every 10 sec is connected to the DC motor. When the motor starts to rotate, the white pointer hits on the perspex and a stress is applied onto the PZT piezoelectric ceramic. The output voltage of the PZT piezoelectric ceramics are observed and measured by using oscilloscope while the output current are measured by using a digital multimeter. The PZT piezoelectric ceramic which can generate the greatest amount of electrical energy is selected as a transducer in this study.


    The next stage is to test different circuit configurations to see which circuit configuration can generate the greatest amount of electrical energy. The experiment is carried out by connecting the six pieces of PZT piezoelectric ceramics under four types of circuit configuration, which are in series, in parallel and in series-parallel configuration as shown in Figure 3. The circuit configuration which can generate the greatest amount of electrical energy is selected to be used throughout this study.
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      Figure 3:Schematic diagram of piezoelectric connected in different circuit configuration: (a) series, (b) parallel, (c) three series with two parallel and (d) two series with three parallel.

    


    The next stage is to test the performance based on several factors, such as human body weight, human gender and human walking speed are carried out. The PZT piezoelectric ceramics are installed into the insole of the shoes as shown in Figure 4(a). In order to measure the output voltage, the output terminal of the harvesting circuit is connected to the Arduino Uno microcontroller to measure the voltage. The data is then transmitted to the computer via the Bluetooth module and a software, which is known as Coolterm to show and save the measured voltage. The harvesting circuit and the measuring circuit are put into a box and the box is tied at the bottom of the calf as shown in Figure 4(b).
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      Figure 4:(a) PZT piezoelectric ceramics that installed into the insole of the shoes and (b) the harvesting circuit and the measuring circuit are put into a box.

    


    A group of male and female with different body weight are selected to carry out the test. The body weight is divided into four categories, which are 40 to 49 kg, 50 to 59 kg, 60 to 69 kg and 70 to 79 kg. Five candidates are selected for each of the category. However, due to there was limited number of female candidate in category of 70 to 79 kg and male candidate in category 40 to 49 kg, only three candidates were selected for these two categories. Each of them were required to walk in four different speeds, which are 0.75 steps/sec (15 steps in 20 sec), 1.25 steps/sec (25 steps in 20 sec), 1.75 steps/sec (35 steps in 20 sec) and 2.25 steps/sec (45 steps in 20 sec). Table 2 shows the factors that need to be tested.


    Table 2:Parameters to be tested in performance testing.


    
      
        	Factors

        	Details
      


      
        	Human Body Weight

        	40 to 49 kg
      


      
        	

        	50 to 59 kg
      


      
        	

        	60 to 69 kg
      


      
        	

        	70 to 79 kg
      


      
        	
          Human Gender

        

        	
          Male

        
      


      
        	

        	Female
      


      
        	
          Human Walking Speed

        

        	
          0.75 steps/sec (15 steps in 20 sec)

        
      


      
        	

        	1.25 steps/sec (25 steps in 20 sec)
      


      
        	

        	1.75 steps/sec (35 steps in 20 sec)
      


      
        	

        	2.25 steps/sec (45 steps in 20 sec)
      

    


    In order to charge a battery, the charging voltage must be slightly greater than the battery voltage. However, due to the output voltage generated by the PZT piezoelectric ceramic fluctuates from 0 to around 20 V when stress is applied, a voltage regulator circuit is built in order to regulate the voltage into a constant voltage level which is suitable for battery charging. The schematic diagram of voltage regulator circuit is shown in Figure 5. This circuit is modified from the circuit done by the previous researcher.4 It can regulate the input voltage into a constant output voltage of 5 V.
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      Figure 5:Schematic diagram of voltage regulator circuit.

    


    In this circuit, the capacitor C1 is charged until its voltage is greater than the voltage between the emitter terminal and the base terminal of the 2N3906 PNP transistor plus the breakdown voltage of the Zener diode. Then, the 2N3906 PNP transistor turns on and causes the IRF540 N-channel Metal-Oxide-Semi Conductor Field-Effect Transistor (MOSFET) to turn on. This lead to the discharge of the capacitor C1 and hence the voltage of the capacitor C1 is regulated by the MAX666 voltage regulator to a voltage level of 5 V. The output voltage of MAX666 decreases when the voltage across the capacitor C1 is less than 5 V. When the capacitor C1 is fully discharged, the output voltage of MAX666 become 0 V. At this condition, the capacitor C1 is recharged again. After the voltage regulator circuit is done, it is connected to a rechargeable battery to test whether it can be used to charge up the rechargeable battery.


    3.RESULTS AND DISCUSSIONS


    The results and the discussions are presented according to the experiment stages.


    3.1Preliminary Experimental Results of Different Types of Piezoelectric


    In the first stage of the experiment, three types of PZT piezoelectric ceramic which are different in diameter and thickness are compared. The electrical energy generated before and after the rectification of the AC signal are also presented. The results obtained are as shown in Figure 6.
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      Figure 6:Comparison between the output power generated by different types of PZT piezoelectric ceramic before and after rectification.

    


    The results showed that the electrical energy generated by different types of PZT piezoelectric ceramic increased from type A, type B, followed by type C. By referring to Table 1, the amount of electrical energy production increases with the applied stress area. This means that as the diameter increases, the applied stress area also increases, which leads to the increase in the amount of electrical energy generated by the PZT piezoelectric ceramic. Besides, a thinner PZT piezoelectric ceramic, which can be bend easily can also generate a greater amount of electrical energy. Based on the results obtained, although the type C piezoelectric ceramic can generate the greatest amount of electrical energy, it is too soft and can be break easily when a large stress is applied on it. Therefore, the type B, which has a smaller diameter and cannot be bend easily when compared to type C is selected as the transducer in this study.


    The output voltage, current and power generated by the PZT piezoelectric ceramic before rectification is greater than after rectification. This is because during the rectification, there was a voltage drop across the single phase full wave bridge rectifier. This led to a power loss across the single phase full wave bridge rectifier and therefore the amount of electrical energy obtained after rectification was smaller when compared to before rectification.


    3.2Preliminary Experimental Results of Different Circuit Configurations


    In this experiment, the electrical energy generated by the PZT piezoelectric ceramics which are connected in four different types of circuit configurations as shown in Figure 3 are compared. Figure 7 shows the comparison between different circuit configurations of PZT piezoelectric ceramic. It shows the output voltage generated by the PZT piezoelectric ceramics is the greatest when they are connected in series while the output current generated by the PZT piezoelectric ceramics is the greatest when they are connected in parallel. This is because when the PZT piezoelectric ceramics were connected in series, the voltage generated by each of the PZT piezoelectric ceramics will be added up while in parallel configuration, the output current generated by each of the PZT piezoelectric ceramics will be added up. Since the output electrical energy generated by the series configuration is the greatest among the four types of circuit configurations, it is selected as the circuit configuration of the PZT piezoelectric ceramics in this study.
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      Figure 7:Comparison between results from different circuit configurations of PZT piezoelectric ceramic.

    


    3.3Experimental Result of Performance Testing under Different Conditions


    This experiment is carried out in order to investigate the effect of human body weight, human gender and human walking speed on the amount of electrical energy production of the PZT piezoelectric ceramic. Figure 8 and 9 show the amount of electrical energy generated by male and female with different body weight under different walking speed respectively.
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      Figure 8:Amount of electrical energy generated by male with different body weight under different walking speed.
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      Figure 9:Amount of electrical energy generated by female with different body weight under different walking speed.

    


    Since the PZT piezoelectric ceramics are installed into the insole of a shoes in this study, the human body weight is used to represent the amount of stress applied on it. As discussed previously, people with greater body weight will have greater peak plantar pressure. This means that the greater the body weight, the greater the amount of stress applied onto the PZT piezoelectric ceramic and hence results in a greater amount of electrical energy production. Based on Figure 8 and 9, the results showed that as human body weight increases, the output power generated by the PZT piezoelectric ceramic also increases. This proved that the results obtained are the same as the expected results.


    By referring to Section 1, it shows that the amount of electrical energy generated increases with the frequency of stress applied onto the piezoelectric. In this study, the frequency of stress applied is represented by human walking speed. The faster the walking speed, the higher the frequency of stress applied onto the piezoelectric, hence a greater amount of electrical energy is generated. Figure 8 and 9 show that the output power generated by the PZT piezoelectric ceramic increases with human walking speed. This proved that the results obtained from the experiment agree with the theoretical expectation.


    In order to compare the amount of electrical energy generated by male and female, the line chart of the comparison between electrical energy generated by male and female under different body weight with a walking speed of 0.75 steps/sec is constructed as shown in Figure 10. Since it is just to make the data to be easier to understood, only one set of data is presented.
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      Figure 10:Comparison between electrical energy generated by male and female at a walking speed of 0.75 steps/s.

    


    From the literature review in Section 1, it stated that the foot contact area of male is greater than the female. This implies that a male can apply a stress on a greater area when compared to a female. Since the amount of electrical energy generated increases with the applied stress area, this means that the electrical energy generated by a male is greater than a female. From Figure 10, it shows that the electrical energy generated by the male was slightly greater than the female. The results meet the expected results.


    However, the electrical energy generated by the male is slightly smaller than the female in Category 1. This is because there is a female candidate who have applied heavy steps onto the piezoelectric. This results in extremely large amount of electrical energy to be generated and hence causes the average power generated by the female to be greater than the male in Category 1. This can be conclude that the electrical energy generated by the PZT piezoelectric ceramic not only affected by the body weight, walking speed and gender, it also can be affected by the heavy step or lighter step applied.


    One of the objectives of this study is to charge up a rechargeable battery by using the electrical energy harvested. However, by referring to Figure 8 and 9, the electrical energy generated by the harvester is in the order of micro watts only, which is too small to be used for charging purpose. The current generated by the harvester are also in the order of micro amperes. This means that it needs to take quite a long time to fully charge up a battery with a capacity of milliampere hour. The time taken required to fully charge up a battery with a capacity of 400 mAh is 42,417.8 hours. This means that the harvester in this study is not suitable to be used to charge up a battery.


    Although the electrical energy generated by the harvester is quite low, it is still able to power up a Light Emitting Diode (LED). To light up a LED, there are two conditions must be met. First, the voltage supply must be greater than the voltage drop across a LED, which is around 2.45 V. Second, there must be a current pass through it regardless of how much the current is. Therefore, a LED can be light up when the capacitor used in the harvesting circuit is charged until it exceeds 2.45 V. Since a LED can be lighted up by this harvester, this means that this harvester can also be used to power up a low power device.


    4.CONCLUSION


    The aim of this research is to investigate whether the electrical energy harvested from the kinetic energy produced by human foot strike is suitable to be used as a renewable energy source. Based on the results obtained, the MCFT–31G–1.0A1–135 PZT piezoelectric ceramics is the most suitable transducer that can be used in this harvester. By connecting these PZT piezoelectric ceramics together in a series circuit configuration, the greatest amount of electrical energy can be generated. The results of the performance testing concludes that the male with a greater body weight who walk at a faster speed can generate the greatest amount of electrical energy, which is 96.25 μW in this study. This amount of electrical energy could not be used to charge up a battery, but it can light up a LED. This result means that the electrical energy harvested is suitable to be used as renewable energy source for low power devices.
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    Abstract:Electrocardiogram (ECG) is a new biometric trait that has an advantage as it is an internal modality which indicates to be difficult of counterfeiting. The ECG records the heart activity and it is unique as different individuals have distinct heart structure. Hence, it provides vital information for differentiating one individual from another. One of the techniques to extract the salient information from the ECG signal is by using discrete wavelet transform (DWT). However, in order to develop a reliable ECG based biometric system using DWT, there are many parameters that need to be determined. In this study, we study the effect of different parameters used for de-noising orders, threshold levels and type of mother wavelets to the final authentication performance of our developed system. For the authentication stage, Support Vector Machine (SVM) is used as classifier. The system performance is evaluated based on Genuine Acceptance Rate (GAR), False Acceptance Rate (FAR) and Equal Error Rate (EER) by using the scores given by the SVM. The combination of de-noising order 3, heursure threshold method and db6 mother wavelet yields the top performance with GAR of 92.5% at FAR of 5% and EER of 6.9499% have been achieved. At the end of this paper, a simple ECG based security system is then constructed so as to show the feasibility of this study to be implemented in real-time situation.


    Keywords: Biometrics, electrocardiogram, wavelet transform, authentication, support vector machine


    1.INTRODUCTION


    Accurate and reliable authentication systems are very crucial nowadays because frauds and disclosure of personal data can lead to a major harm. Traditional authentication methods such as password and token which are among the oldest authentication methods prone to problems of loss and stolen.1 Biometric recognition is science that uniquely identifies individual by means of his or her physiological or behavioural characteristics. In this computer-driven era, it is mostly used to tackle problems of assessing control to the security system. However, the existing biometric identifiers based on biological traits: fingerprint, face, palm print or behavioural characteristics: gait, signature, typing pattern are not that reliable as they can also be counterfeited.2


    In medical field, electrocardiogram (ECG) is commonly used to detect cardiovascular diseases. Heartbeat is a reflection of the mechanical movement of the heart and cardiovascular system and these traits indicate heartbeat contains physiological and pathological information. Recently, researchers conclude that humans’ electrocardiogram (ECG or EKG) are unique to all individual as different individuals have different heart structure. Hence, this has attracted several researches to turn to the study of ECG modality for biometric system.3,4 The problems of counterfeiting the original biometric data such as by using recording speech, fake gummy palm/finger print and captured photo; can be overcome with ECG.3 This is because heartbeat is a promising biometric characteristic because it cannot be faked easily as it involves complex biological process to produce it. On the other hand, in term of universality, it can be used broadly in areas that require security access, such as door entry, mobile phone, and laptop access.


    The basic patterns of electrical activity produced by the heart consist of P, QRS and T waves as shown in Figure 1. The P wave, representing atrial depolarization and it corresponds to low frequency spectral components of 10 to 15 Hz. The QRS complex indicates ventricular depolarization and contraction. It has much steeper slopes compared to other waves and it occurs in 10 to 40 Hz interval. The amplitude of QRS complex is generally greater than the P wave. The PR segment represents the electrical signal travelling from the sinus node to the heart ventricle. The T wave has smaller amplitude than QRS complex and it is an upward waveform that indicates ventricular repolarization.5 Its position depends on the heart rate. When the heart rate is higher, the T wave is closer to the QRS complex.6,7


    One of the techniques to extract the salient information from the ECG signal is by using discrete wavelet transform (DWT). However, in order to develop a reliable ECG based biometric system using DWT, there are many parameters that need to be determined. The main objective of this study is to investigate the effect of different parameters used for de-noising orders, threshold levels and type of mother wavelets to the final authentication performance of our developed system. In the next section, related works will be discussed in Section 2, followed by methodology in Section 3 and results and discussion in Section 4. Finally, Section 5 will give the conclusion.
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      Figure 1:A typical normal ECG pulse.

    


    2.RELATED WORKS


    In research done by Kyoso and Uchiyama,8 an ECG identification system which identifies subjects by comparing a subject’s ECG with registered ECG parameters in the database was developed. The first part of the research is the ECG measurement block where the durations and intervals of the ECG are measured. The four useful parameters are P wave duration, PQ interval, QRS interval and QT interval. The second block is the feature extraction block which extracts the four parameters from sampled ECG data sequence by placing characteristic points on the ECG. Second order derivative waveform is employed so that the precise location of the characteristic points can be located. Mahalanobis’ generalised distance is employed for identification purpose. Lastly, two sequences within the useful range are chosen to enter the discriminant analysis block where the identification result is obtained. The combination of QRS interval and QT interval parameters provide the highest accuracy of 99.6%.


    Plataniotis et al.9 proposed a new approach by introducing Autocorrelation (AC) and Discrete Cosine Transform (DCT) for ECG biometrics. This method is called AC/DCT method. First, the ECG records go through filtering process by using pass-band filtering (0.5 to 40 Hz) to remove noise and artifacts. Next, the correlation coefficients are calculated by applying normalised autocorrelation function on each record over an ECG window of M autocorrelation lags. The performance of these two autocorrelation functions is evaluated using the normalised Euclidean and normalised Gaussian log likelihood. The third step is to calculate the DCT of the windowed correlation and the first C-number of significant coefficients are chosen. In the final step, the chosen DCT coefficients of two records are used for biometric identification. The best result obtained is a perfect subject recognition (14/14 subject recognition rate) using the Gaussian log likelihood function.


    Saechia et al.10 employed the normalisation of ECG signals for experimentation. Fourier Transform is employed for feature extraction. One period of PQRST signal is divided into subsequences which correspond to P, QRS and T waves respectively. Then, Fourier Transform is applied on PQRST period and also the three subsequences. Only the significant Fourier coefficients are used in the classification stage. The significant Fourier coefficients from whole period and subsequence cases are separately trained by neural network. The classification results were observed as 17.14% and 2.85% false rate (FR) using whole period of normalised ECG and subsequences of normalised ECG respectively.


    Subsequently, research that uses the discrete wavelet transform (DWT) to extract the feature vectors from ECG signal was done by Belgacem.11 The mother wavelet used is Daubechies wavelet order 3 (DB3) with five level of decompositions. For experimentation, 80 healthy individuals’ ECG signals obtained from the PhysioNet database were used. This study employed Random Forest technique as classifier. Consequently, the prototype of ECG sensor was developed by Ramli et al.12 in order to collect the ECG data in real-time condition. This study implemented wavelet transform as feature extraction by employing Symlet, Daubechies and Coiflet to evaluate the performance of the developed sensor. The normal ECG signals were collected from 50 individuals using the built heartbeat detection kit and this study achieved an EER of 2.0069% with GAR of 97% and FAR of 1%.


    3.MATERIALS AND METHODS


    The ECG database used in this research is obtained from public available database, Physionet ECG-ID database.13 The total number of subjects in this database is 90 subjects with 310 numbers of ECG recordings, however only 79 subjects are selected for this study. The number of recordings for each subject varies from 2 to 20 and each recording contains ECG lead 1, recorded for 20 sec and digitised at 500 Hz. The main objective of this study is to investigate the effect of different parameters used for de-noising orders, threshold levels and type of mother wavelets to the final authentication performance of our developed system. In order to do this, we first need to develop a complete heartbeat based biometric system which consists of four modules i.e. pre-processing for de-noising, segmentation, feature extraction and authentication (recognition) stages. The front-end developed system proposed in this study is shown in Figure 2.
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      Figure 2:Overview of proposed biometric system.

    


    In the experimentation process, the parameter for one variable will be changed while keeping the rest as constants, then the performance of the authentication system at the specified parameters will be recorded. Here, the parameters to be changed are de-noising orders, threshold levels and type of mother wavelets. By observing the experimental results, the optimum parameter for de-noising order, threshold level and type of mother wavelet can be determined. Thus, the best ECG biometric system can be developed for the real time application. Finally, a simple ECG based security system will be constructed so as to show the feasibility of this study to be implemented for real-time authentication.


    3.1ECG Data Pre-Processing: Wavelet De-Noising Order and Threshold Level


    Two types of wavelet de-noising are performed in this process. First, the de-noised algorithm is used for detection of R peak and the second task of de-noising process is employed for feature extraction. The chosen parameters to be used in the first de-noised signal must yield ECG signals that show obvious R peak while reducing other amplitude of P and T wave. For the second de-noised signal, the chosen parameters must produce an ECG signal that maintains the pattern which is similar to the raw ECG signal but with reduced noise and smoother signal.14


    Following the standard practice, before the de-noising taking place, signal will first go through the de-trended process in order to remove the baseline wander noise. In order to do this, the signal is decomposed in eight levels using db6 wavelets. The low frequency components D8 and A8 have to be removed to obtain a baseline-free signal.


    De-trended signal = Original signal – (A8 + D8)


    Wavelet de-noising is then employed to remove the noise present in the signal. It concentrates the signal features in a few wavelet coefficients while removing noise. Generally, the de-noising process consists of three steps as shown in Figure 3:


    
      	L-Level Wavelet Decomposition of input signal.


      	Thresholding adjustment of wavelet coefficients.


      	Signal reconstruction via L-Level Inverse Wavelet Transform.
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      Figure 3:De-noising scheme.

    


    Here, the thresholding selection rule consists of four rules which is the principle of Stein’s Unbiased Risk Estimate (rigrsure), heuristic variant (heursure), universal threshold (sqtwolog) and minimax thresholding (minimaxi).


    3.2Heartbeat Segmentation


    In this research, we use the detection of R peak as our reference in segmentation. The selection of appropriate wavelet and the number of decomposition level contribute greatly in the analysis of signal.15 The raw signals are first decomposed using db6 and the number of decomposition level is eight. Therefore, the signals are decomposed into the details d1–d8 and one approximation a8. Frequency components at detail levels d3–d7 represent the useful part of the heartbeat while other details level contains unwanted noise. The steps of segmenting the useful part of ECG from the raw ECG signal are as follow:


    
      	Applying wavelet de-noising on the raw ECG signal.


      	Finding means for peak height and peak distance.


      	Applying a window of 500 discrete points on each raw signal which has 10,000 discrete points.


      	Detecting R peak locations by using the means for peak height and peak distance found.


      	Moving to another window if there is no peak detected.


      	Using R peak location as a reference point, a segment is taken around the R peak to cover the useful part of ECG.

    


    3.3Feature Extraction: Types of Mother Wavelets


    As discussed, wavelet transformation is employed for feature extraction. The heartbeat signals contain useful features, futile features and also noises. This study uses fiducial points from ECG signal to extract features. In this case, the fiducial points are the R peaks in ECG. The R peak locations found during segmentation stage will be used as a reference for extracting the heartbeat. The steps to obtain useful features from the ECG are as follow:


    
      	Applying wavelet de-noising on the raw signals.


      	With the peak locations found during segmentation, the heartbeat is segmented.


      	Applying wavelet decomposition to the heartbeat into eight levels by using db6 wavelet.


      	Thresholding the low-level details to 0.


      	Applying wavelet reconstruction to the thresholded signal.


      	Signal normalisation.


      	Concatenating the significant wavelet coefficients in a 1D array.


      	Repeat the feature extraction process for other two different mother wavelets, which are sym4 and coif2 to produce three different sets of features.

    


    3.4Classification


    In classification stage, there are two steps involved: training and testing. In training phase, one recording from each subject which makes a total of 79 samples is used as the training samples. Based on the models constructed by the Support Vector Machine (SVM), the testing data are verified based on the set threshold (Ts). When the score exceeds the Ts, the person is recognised an authentic user otherwise as an imposter. The Kernel function used for the SVM training is the Gaussian Radial Basis Function (rbf) with the scaling factor, σ of 4.


    3.5ECG Based Security System


    A simple security system is developed for testing the feasibility of the heartbeat biometric algorithm. In this system, the processes include detecting ECG signal from the subjects, transmitting the signal to the server via the internet, data processing using the developed biometric system and lastly user authentication. The working flow of the system is shown in Figure 4. Using a mobile device, the user is required to login an Android application using identification (ID). The user is asked to upload his ECG data for security check. The mobile device collects the heartbeat signal from the user and sends the data to the cloud server through a Wi-Fi connection. The heartbeat signal will be downloaded from the server to be processed by the developed biometric system. The permission to unlock the application is granted for the genuine user. On the other hand, imposter user is denied.
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      Figure 4:Working flow of the proposed security system.
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      Figure 5:(a) Original signal, (b–i) wavelet decompositions for levels 1 to 8 respectively and (j) signal approximation.

    


    4.RESULT AND DISCUSSION


    4.1Pre-processing


    The original signal is shown in Figure 5(a). The original signal was decomposed in eight levels using db6 wavelets. From Figure 5, it is observed that the baseline shifting is most concentrated at scale 8. The low frequency components D8 and A8 were removed to obtain a baseline-free signal.


    The original signal, baseline-removed signal and de-noised signal are shown in Figure 6, 7 and 8. Thus, noise still presents in the de-trended signal due to the high frequency components, the components of D1 and D2 were filtered called as de-noised signal.
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      Figure 6:Original signal.

    


    


    
      [image: art]


      Figure 7:Baseline drift removed signal.
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      Figure 8:De-noised signal.

    


    4.2Heartbeat Segmentation


    The segmentation of heartbeat includes the QRS complex as it is the essential feature for the classification algorithm. As shown in Figure 9, the highlighted parts are the segmented heartbeats. By using the locations of R peaks detected, the heartbeat is segmented by taking 70 data points to the left of the R peak and 50 data points to the right of R peak.


    4.3Feature Extraction


    The comparison of the segmented ECG signals from two individuals taken from the database which is Person A and Person B are shown in Figure 10 and 11, respectively. Both individual’s segmented ECG signals look similar however with detail observation, the amplitude of R is different and the T wave occurs at a different time. The wavelet coefficients of Person A and Person B obtained after the feature extraction process are then shown in Figure 12 and 13, respectively. By observing the coefficient from both individuals, the patterns are clearly unique from one another.
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      Figure 9:ECG segmentation.
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      Figure 10:Heartbeats obtained for individual A.
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      Figure 11:Heartbeats obtained for individual B.
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      Figure 12:Wavelet coefficients for individual A.

    


    


    
      [image: art]


      Figure 13:Wavelet coefficients for individual B.

    


    4.4Evaluation of the System Performance


    A comparison of the performance of the system was performed by varying different parameters including wavelet de-noising order, wavelet coefficient threshold method and types of mother wavelet. The accuracy is based on the evaluation of the receiver operating characteristic (ROC) which is a plot of the Genuine Acceptance Rate (GAR) against the False Acceptance Rate (FAR) at various threshold settings. Equal Error Rate (EER) is also used to analyse the system performance. Figure 14 shows that the system with de-noising order 3 has the best performance with GAR of 91.5% at FAR of 5%, and the EER of 7.9398%. The system performance decreased as the de-noising order increased. The overall performances in term of EER are given in Table 1.
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      Figure 14:ROC curve for different de-noising orders.

    


    Table 1:EER performance for different wavelet de-noising orders.


    
      
        	
          Wavelet de-noising order

        

        	
          EER (%)

        
      


      
        	
          3

        

        	
          7.9398

        
      


      
        	
          4

        

        	
          8.5382

        
      


      
        	
          5

        

        	
          13.5751

        
      


      
        	
          6

        

        	
          18.9813

        
      

    


    The four wavelet coefficient threshold methods that employed are heursure, minimaxi, rigrsure and sqtwolog. heursure threshold method achieved the best performance with GAR of 92% at FAR of 5% as shown in Figure 15. The overall performances in term of EER are given in Table 2.
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      Figure 15:ROC curve for different threshold methods.

    


    Table 2:EER performance for different wavelets threshold methods.


    
      
        	
          Threshold method

        

        	
          EER (%)

        
      


      
        	
          heursure

        

        	
          6.9600

        
      


      
        	
          rigrsure

        

        	
          7.9438

        
      


      
        	
          sqtwolog

        

        	
          8.5382

        
      


      
        	
          minimaxi

        

        	
          8.8973

        
      

    


    The types of mother wavelet implemented in this project were db6, sym4 and coif2. From Figure 16, the system performances for the three mother wavelets were very close to each other. System with db6 achieved the highest GAR of 89% and the lowest ERR of 8.5382%. The lowest performance system was sym4 with GAR of 87% at FAR of 5%, with 2% GAR lower than of db6. The overall performances in term of EER are given in Table 3.
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      Figure 16:ROC curve for different mother wavelets.

    


    Table 3:EER performance for different types of mother wavelets.


    
      
        	
          Type of mother wavelet

        

        	
          EER (%)

        
      


      
        	
          db6

        

        	
          8.5382

        
      


      
        	
          coif2

        

        	
          9.1894

        
      


      
        	
          sym4

        

        	
          9.5809

        
      

    


    Consequently, system with different combinations of wavelet de-noising order, threshold method and mother wavelet is then developed and their system performance is tested. The system with the combination of de-noising order 3, heursure threshold method and db6 mother wavelet produced the best result with GAR of 92.5% at FAR of 5% and EER of 6.9499%.


    Finally, the security system is developed by setting one of the subjects in the database (namely “Person1”) as the genuine user and the Ts for accepting or rejecting the claimed user is set as 0.5. The user was required to upload the ECG data via the mobile phone and claimed as “Person1”. When “SELECT DATA” is clicked, the user can browse the mobile phone storage and upload the Person1’s ECG data to the cloud server. The data will be downloaded to the laptop and processed by developed biometric system. Clicking the button “START” to authenticate the user, the score generated by the system was 0.82. As recognised as the genuine user (as the score is greater than Ts which is equal to 0.5), the login is successful and this genuine user is granted a permission to switch on and switch off the “Control1” and “Control2” as shown in Figure 17. The system recognised the user as imposter user when “Person2” data was uploaded but claiming as “Person1”. The score generated for the user was 0.13 and the user was denied to login the application.
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      Figure 17:Main interface and control interface.

    


    5.CONCLUSION


    This study shows that the developed heartbeat based biometric system using discrete wavelet transform and support vector machine achieves satisfying accuracy for individual authentication under normal heart rate condition. The combination of de-noising order 3, heursure threshold method and db6 mother wavelet yielded the top performance. The developed authentication process is successfully implemented in a security system. The feasibility of the developed system can be further improved by developing an algorithm which is able to recognise ECG under different physical and physiological conditions. Further analysis and experiments are needed to be carried out to evaluate the system with large database that comprises subjects of different ages, genders, races and abnormal ECG data.
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    Abstract:Synthetic hydroxyapatite (HA) possesses good biocompatibility, bioactivity and osteoconductivity and closely mimics the mineralised phase of human bone and teeth. However, for many years the clinical researchers worldwide have been aware that the mineral phase of bone is not solely HA but contains a number of substituents (e.g. CO3, Si, Zn, Sr, Na and Mg). Among the substituents, carbonate is the major substitute ions which are present about 2–8 wt. % depending mainly on the individual age. The presence of approximately 1 wt. % Si is known to be essential in bone formation and calcification. Thus, the present study is aimed at developing a new biomaterial consisting both of these two biologically important cations into the HA structure by synthesising silicon carbonated HA (SiCHA) powders via nanoemulsion method, and to assess the in vitro biocompatibility of the as-synthesised powders in response to human Bone Marrow derived Mesenchymal Stem Cells (hMSCs). Both the carbonate and silicon ions were successfully substituted into the HA lattice. Powders with carbonate encouraged better cell activity in comparison to the carbonate-free powders. While, SiHA and SiCHA–1 as-synthesised powders with high amount of Si (> 1 wt. %) tend to kill some cells at the early stage of seeding and hinder cells activity afterwards. Among the tested powders, SiCHA–2 as-synthesised powders is chosen as the optimum composition as it exhibited the highest cell viability and proliferation besides having the closest amount of carbonate and Si ions to the bone mineral.


    Keywords: Silicon carbonated hydroxyapatite, nanopowders, human mesenchymal stem cells, in vitro biocompatibility test, bone tissue engineering


    1.INTRODUCTION


    Hydroxyapatite (HA) is among the most widely used bone replacement materials due to its strong affinity with the mineral component of bones; it possesses good bioactivity, osteoconductivity and biocompatibility with the human bone tissue.1,2 Although, stoichiometric Hydroxyapatite (HA) – Ca10(PO4)6 (OH)2 has been a widely used model for the apatite present in the bone tissues for many years, the chemical composition of biological apatites differs from the stoichiometric HA.3 The biological apatites are uniquely similar in that they all comprise carbonate in varying amounts of 2–8 wt. %, preferentially substituting the phosphate site (B-type) compared with hydroxyl (A-type) ions in the apatite lattice. The composition of carbonate depends on bone age, site, sex and health of the individual.3,4 Among other trace elements present in natural bone, silicon (Si) plays an important role in stimulating bone growth and development.3,5


    The development of multi-substituted HA powders with a fully controlled level of ionic substitutions into the HA lattice and high similarity to bone mineral, is of great interest to achieve the “gold standard” represented by the natural bone. For this reason, researchers have now focussed on the production of multi-substituted HA for instance, silicon carbonated hydroxyapatites (SiCHA). The adequate solubility of CHA and the benefits of soluble silicon could be combined in order to improve the bioactivity of the apatite bioceramics.4 Thus, SiCHA has great potential as a biomedical material for promising approach toward achieving the “gold standard”. Several studies on the development of multi-substituted HA powders has been reported in the literature. However, limited studies have investigated the effect of ionic substitutions in the HA lattice on the cell responses. Many research groups focus on the different synthesis techniques used to produce the powders, various physico-chemical characterizations and some solubility tests in simulated body fluid (SBF) to predict the ability to form apatite layer in vitro.6,7


    Therefore, the aim of this study is to investigate the influences of the ionic substitutions by the incorporation of carbonate and silicon ions simultaneously into the HA structure, and to assess the in vitro biocompatibility of the prepared powders in response to human Bone Marrow derived Mesenchymal Stem Cells (hMSCs). It is crucial to understand the optimum condition (i.e. composition, pH, culture condition) required when using the chemically modified HA powders in stimulating optimum cell responses, which leads to the enhancement of the osteogenic activity. In this work, the physico-chemical properties of the prepared powders were investigated through X-Ray Spectroscopy (XPS), Carbon, Hidrogen, Nitrogen (CHN) and Inductive Coupled Plasma–Optical Emission Spectroscopy (ICP–OES) technique. The morphology of the prepared powders was imaged under Transmission Electron Microscope (TEM) and the powders were subsequently tested in vitro with hMSCs via direct contact based on ISO10993-5 in order to inspect the biocompatibility properties.


    2.EXPERIMENTAL


    2.1Materials Preparation


    Silicon carbonated HA (SiCHA) powders were synthesised at room temperature using Ca(NO3)2.4H2O, (NH4)2HPO4, NH4HCO3 and Si(CH3COO)4 (Sigma-Aldrich, Gillingham, UK) by nanoemulsion method as presented in our previous report.8 The amounts of carbonate (x) and silicon (y) substituted into the HA structure (Table 1) were calculated based on the stoichiometry empirical formula as shown below:


    SiCHA: Ca10–x/2 (PO4)6–x–y (CO3)x (SiO4)y (OH)2–y


    Table 1:Amounts of carbonate (x) and silicon (y) substituted into the HA structure.


    
      
        	Sample code

        	
          Carbonate (x)

        

        	
          Silicon (y)

        
      


      
        	CHA

        	
          2.0

        

        	
          –

        
      


      
        	SiHA

        	
          –

        

        	
          0.5

        
      


      
        	SiCHA-1

        	
          2.0

        

        	
          0.5

        
      


      
        	SiCHA-2

        	
          2.0

        

        	
          0.3

        
      

    


    2.2Physico-Chemical Characterisations


    2.2.1 XPS analysis


    XPS is an extremely sensitive technique used to quantify the surface chemistry of the sample at the atomic level. In this study, XPS was used to study the effect of ionic substitutions on the surface atomic chemistry of the prepared powders. This technique required a simple sample preparation where, the powders were formed into a compacted layer (> 10 nm thickness) immobilised onto the foil which could then be mounted on carbon tape for analysis using Theta Probe instrument (Thermo Scientific, United States). The XPS spectrometer employed a monochromatic Al Kα X-Ray source. Samples were dried completely under ambient conditions before analysis was performed. The XPS analysis was carried out by NEXUS (Newcastle University, United Kingdom). CasaXPS Processing Software was used to analyse the XPS spectrum obtained.


    2.2.2 Quantification of carbonate and silicon substituted in apatite structure


    The percentages of CO3 incorporated in the as-synthesised powders were determined using Carbon, Hydrogen, Nitrogen (CHN) analysis using Carlo Erba 1180 Elemental Analyser controlled with CE Eager 200 Software, run in accordance to the manufacturer’s instruction and weighed using a certified Mettler MX5 Microbalance. The powders (1.5–2.0 mg) were combusted at high temperatures in a stream of oxygen, and the products of the combustion for carbon, hydrogen and nitrogen were measured by the instrument in a single analysis. In order to estimate the amount of CO3 present in the sample, the wt. % of carbon obtain was multiplied by a factor of five.


    0.01 g of the as-synthesised powders was digested in 1 M HNO3 (2.5 mL of HNO3, 1.5 mL of H2O2, and 0.3 mL of HCl) in a 100 mL Erlenmeyer flask. The concentrations of Si in the prepared powders were determined by inductively coupled plasma with optical emission spectroscopy (ICP–OES) using Perkin Elmer Optimal 4300DV instrument. The results obtained was then converted from part per million (ppm) to weight percent (wt. %).


    2.2.3 Microscopy evaluation


    Philips CM100 Transmission Electron Microscope (TEM) was used to examine the morphology of the as-synthesised powders in terms of their particle size and shape. Prior imaging the samples, 0.1 mg of powders were suspended in pure water and sonicated for 10 min to allow the powders to be well dispersed. A drop of the suspension was then carefully placed onto a copper grid (diameter = 3.05 μm, mesh = 400) and allowed to dry. Samples were imaged at a magnification of 130 kX at HV = 100.0kV


    2.3In vitro Biocompatibility Test


    International Organisation for Standardisation (ISO) 10993-5: Biological Evaluation of Medical Devices, Part 5: Tests for Cytotoxicity, was adapted and used as guideline in this study. This test involved the study on the cell viability and proliferation of hMSCs in direct contact with the as-synthesised samples.


    2.3.1 Sample preparation


    Aliquots of 0.05 g of the as-synthesised powders were sterilised in 1.0 mL of 70% industrial methylated spirit (IMS) for three hours followed by rinsing twice with Phosphate-buffered saline (PBS; Lonza, United Kingdom).


    2.3.2 Cell culture and seeding


    Human bone marrow derived-mesenchymal stem cells (hMSCs) obtained from a 24-year old male (Lonza, United States) at passage zero (P0) were expanded until passage two (P2) when the required cell number was obtained. Cells were cultured in high glucose expansion media consists of 4.5g/L Dulbecco’s Modified Eagle Medium, DMEM (Lonza, United Kingdom), 1% v/v L-glutamine (Lonza, United Kingdom), 1% v/v Penicilin-Streptomycin (Lonza, United Kingdom) and 10% v/v Fetal Bovine Serum (Biosera labtech, United Kingdom) followed by, incubation at humidified environment at 37°C with 5% CO2. hMSCs at passage 3 (P3) were seeded at 5 × 104 per well in a 24 well cell culture plate and allowed to adhere for three hours. Prior to direct contact of the powders with the seeded cells, 1.0 mL of osteogenic media was directly added into the aliquots containing 0.05 g of sterile powders, mixed well and carefully transferred to the relevant wells. Culture media was replenished every three days for 14 days. In all cases, tissue culture plastic alone cultured in osteogenic media acts as the positive control (non-toxic) whilst negative control (toxic) consists of 0.1% Triton-X in high glucose expansion media. At seven and 14 days, cells were rinsed with Phosphate Buffer Saline, PBS (Sigma-Aldrich, United Kingdom), trypsinised, washed again with PBS and samples were lysed in 1.0 mL of dH2O followed by being frozen at –80°C.


    2.3.3 Cell viability


    The cell viability was observed using Confocal Laser Scanning Microscope (CLSM) Olympus Fluoview FV 1200 with Fluoview Version 4.1 software (Olympus, UK). The viability of the cells was assessed at 14 days using the Live/Dead Assay Kit (Invitrogen, United Kingdom) according to the manufacturer’s instructions. Calcein-AM ester was used to fluorescently label viable cells (green); the nucleus of dead cells is labelled with Propidium Iodide (red). Briefly, cell culture media was removed from samples. They were washed with 1.0 mL PBS then immersed in 0.5 mL PBS staining solution containing 10 µM Calcein-AM and 1 µM Propidium Iodide and incubated at 37°C for 20 min in the dark. The samples (n = 1) were then washed once with 1.0 mL of PBS and immediately imaged using CLSM.


    2.3.4 Cell Proliferation


    The Quant-iTTM Picogreen® dsDNA assay kit (Invitrogen, United Kingdom) was used according to the manufacturer’s instruction. The Picogreen solution was prepared as 1:200 dilutions in 1× Tris-EDTA (TE) buffer. Ranges of DNA dilutions (0–2 μg/mL) were used to construct a standard curve. 100 µL of cell lysate or DNA standard was placed each well of a 96 well plate, followed by 100 µL of Picogreen reagent to each well. This was placed in the dark for five min before reading the fluorescence at 485/535 nm (excitation/emission) using Synergy II BioTek plate reader.


    2.3.5 Statistical analysis


    Quantitative data were presented as means ± standard deviation (SD). Data were initially tested for normality using the Kolmogorov-Smirnov test, with Dallal-Wilkinson-Lillie for corrected P value. To determine any differences between powders group at each time point, a two-way ANOVA with multiple comparisons Tukey test was performed. Statistical significance was considered for p ≤ 0.05 (*), p ≤ 0.01 (**), p ≤ 0.001 (***) and p ≤ 0.0001 (****). For biochemical assays, tests were performed on n = 3 in duplicate. All statistical analyses were performed using GraphPad Prism 7 software.


    3.RESULTS AND DISCUSSION


    3.1Physico-chemical Properties


    XPS was used to confirm the surface atomic composition of the as-synthesised powders. The XPS spectrum for the as-synthesised powders is shown in Figure 1, demonstrating the elemental peaks of Ca2p, P2p, C1s, Si2p and O1s at the typical binding energies of 349, 135, 209, 101 and 533 eV, respectively.9,10 Results indicated that both carbonate and silicon ions were successfully substituted into the HA lattice.


    The percentage of carbonate present in the apatite structure was found to be in the range of carbonate typically present in bone mineral, which is 2–8 wt. %.1,11 Among the as-synthesised powders, the highest amount of carbonate was detected in CHA with 7.4 wt. %, followed by 3.9 wt. % in SiCHA–1 and 5.2 wt. % in SiCHA–2 (Table 2). Minor amount of carbonate was detected in SiHA as-synthesized powders (carbonate free powders), due to the absorption of carbon gas from the atmosphere during synthesis. The presence of carbonate ions was reported to have positive impacts on both bioactivity as well as mechanical properties. Higher carbonate contents leads to higher metabolic activity as suggested in the literature.3,11 In addition, the substitution of carbonate in the HA structure has also showed improved mechanical properties relative to pure HA as shown in our previous finding.12
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      Figure 1:XPS survey spectra for CHA, SiHA, SiCHA–1 and SiCHA–2 nanopowders. Fitting analysis of the Ca2p, P2p, Si2p, C1s and O1s spectra confirmed the presents of different functional groups on the surface.

    


    ICP-OES is a chemical analysis, which was performed on SiCHA as-synthesised powders to confirm the presence of silicon ions. The results suggested that the amount of Si presents was relatively high as compared to the amount of Si found in vivo within the mineralising osteoid regions, which is < 1.0 wt. % (Table 2). Several in vitro and in vivo studies have shown the role of Si for bone growth development. The presence of Si ions could influence the biomineralisation process and has a dose-dependent effect on the cell activities and collagen synthesis.1,5 It is critically important to control the amount of Si present in the apatite structure as high amount of Si was reported to induce a toxic effect.3


    Table 2:Percentages of carbonate (wt. % CO3) and silicon (Si).


    
      
        	Sample code

        	
          Carbonate (wt. % CO3)

        

        	
          Silicon (wt. %)

        
      


      
        	CHA

        	
          7.4

        

        	
          –

        
      


      
        	SiHA

        	
          –

        

        	
          1.5

        
      


      
        	SiCHA–1

        	
          3.9

        

        	
          1.2

        
      


      
        	SiCHA–2

        	
          5.2

        

        	
          0.8

        
      

    


    Regardless of their compositions, all of the as-synthesised powders revealed a rod-like morphology (Figure 2). The particle sizes of the as-synthesised powders fall in the range of 30–50 nm in length and 10–20 nm wide, which is similar to the dimensions of biological apatite.13 Producing nanoscale powders is critically important in particular for bone tissue engineering applications as to provide better bioactivity and most importantly as to closely mimic the architecture of natural bone and teeth.14,15
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      Figure 2:TEM micrographs of as-synthesised (a) CHA, (b) SiHA, (c) SiCHA–1 and (d) SiCHA–2 powders (White scale bar = 100 nm).

    


    In general, Live/dead staining of hMSCs in direct contact with the as-synthesised powders after 14 days in culture showed that all powders are considered biocompatible to hMSC cells (Figure 3). Majority of the cells remained viable, indicated by the green fluorescence. However, cells in direct contact with the tested powders containing higher amount of Si, particularly SiHA and SiCHA–1 showed lower proportion of viable cells as compared to CHA and SiCHA–2. It was also observed that there was colour changed of the culture media from red to orange as the culture period prolonged (data not shown). The pH of the culture media was also dropped to about pH 5.8, which is relatively lower and slightly acidic as compared to optimum pH of culture media required for mammalian cell growth that is approximately pH 7.2. It is found that higher amount of Si (> 1 wt. %) induced slightly toxic culture condition where it has killed some amount of cells at the early stage of culture and slower the activity of the remaining cells. Similar observation was reported in the literature.3 This can be explained by the ionic dissociation from the main structure into the surrounding environment. It is know that higher Si leads to higher solubility of the powders. Thus, it is easier for the ions to dissociate once in contact with the culture media and immediately attacked the seeded cells. As a result from high ions released, some of the cells were detached from the powders at the initial seeding period, floating in the culture media and subsequently caused cell death as being an anchorage-dependent cells, hMSCs need a substrate to be attached.8 In order to overcome this problem, heat treatment of the powders such as calcination could be performed in order to ensure the ions are properly substituted into the apatite structure and hence could improve the overall performances of the powders.
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      Figure 3:Cell viability of hMSCs in direct contact with as-synthesised (a) CHA, (b) SiHA, (c) SiCHA–1 and (d) SiCHA–2 powders after 14 days in culture (White scale bar = 200 nm).

    


    DNA concentration was used to indicate the cell population. Results supported the observation of cell viability, identifying that CHA outperformed the other tested powders at all time-points in terms of DNA quantity and viability, followed closely by SiCHA–2. However, generally all materials encouraged cell proliferation. hMSCs were found to show greatest level of cell proliferation on materials containing both carbonate and silicon substituted into the HA structure simultaneously as compared to carbonate-free materials. This negative behaviour of SiCHA–1 and SiHA were apparently in contrast with the previous study reported in the literature,16,17 where good interaction of human osteoblasts was found as in contact with high Si-substituted HA (0.8 wt. %). The discrepancy in the results is due to different nature of the tested materials. For instance, the work conducted by Botelho et al. (2006) was based on dense, sintered SiHA pellets.16 Thus, the solubility-reactivity and the extent of the biomaterial-cell interactive surface were remarkably lower as compared to that of a powdered form.3
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      Figure 4:Effect of carbonate and silicon ions substituted into HA structure on cell proliferation at 7 and 14 days of culture on hMSCs. Positive control represents tissue culture plastic (TCP) in osteogenic media, while cells cultured in 0.1% Triton-X in osteogenic media denoted as the negative control. Values represent the mean ± SD of three samples in duplicate (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001).

    


    4.CONCLUSIONS


    
      	Controlled amounts of ionic substitutions into the apatite structure play an important role in determining the cell fate, as the solubility-reactivity and biomaterial-cell interactive surface (mainly because of ionic substitutions, absence of heat treatment and nano-size powders) are the two major factors, which define cell survival and response.


      	Excessive incorporation of Si ions (> 1 wt. %) into the apatite structure hindered cell proliferation and at some extents could cause cell death.


      	Powders produced in this work have high potential to be used in the fabrication of scaffolds, coating materials as well as injectable bona paste for Bone Tissue Engineering (BTE) applications.
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    Abstract:Brake friction materials composed of eight to 20 ingredients in the formulation. Each ingredient has its own function in producing the stable coefficient of friction (COF) and acceptable wear rate. The goal of this work is to study the effect of different carbon volume percentage (vol. %) on the friction characteristics. Three samples were prepared through powder metalurgy process by varying the carbon vol. %. Each sample was subjected to specific gravity, porosity, hardness, chase friction and brake inertia dynamometer tests in accordance with international test procedures. All the entire three samples are sensitive to speed and temperature. COF increased in the early stage of braking. Upon reaching the degradation temperature of polymeric materials, the COF decreased gradually with increasing speed and temperature. The pad thickness loss and rotor roughness decreased with increasing vol. % of carbon in the formulation. Sample B is the best formulation based on the friction characteristics and pad thickness loss. Formulation of sample C is rejected due to lower COF even though has the lowest pad thickness loss. Sample A and sample B will be further analysed and evaluated on-road and reliability performance before can be commercialised and used on the road.


    Keywords: Brake friction materials, carbon, COF, speed, temperature sensitivity


    1.INTRODUCTION


    The braking system is one of the active safety systems in the motor vehicles. If the brake fail, the result can be disastrous to the vehicle as well as to the users. Brake performance depends on the operating variables, mating members, environment, material characteristics, surface geometry, microstructure, design, type and mechanical properties. Brake friction materials for automotive applications can be categorised into three groups: asbestos, non-asbestos organic (NAO) and semi-metallic. Asbestos based brake friction has been banned by most advanced countries. Asbestos is hazardous to human health which can cause lung cancer, mesothelioma and asbestosis. There is no single material which can replace asbestos properties such wear resistance, strength, rigidity, heat stability and integrity. Non-asbestos friction materials use a blend of different fibres such as aramid, ceramic and glass as replacement for asbestos. Whereas, semi-metallic materials use steel wools and porous iron powder as the main constituent and composed of by 60% steel by weight in the composition. A semi-metallic brake pad is capable to provide stable friction coefficient at higher temperature, low wear, less squeal, dissipate heat to the surrounding, and higher energy absorption.


    Friction materials composed of four main constituents: reinforce fibre, binder, friction modifier and fillers.1 The fibre is used to provide the necessary rigidity, strength, integrity and thermal stability at high temperatures. Resins act as a binder and hold the compositions together. Too much resin leads to thermal instability which may reduce the coefficient of friction. If it is too low, it results in less binding of the ingredients which may increase the wear rate and produce non-uniform dispersion of the ingredients in the composition. Different types of resin will affect the COF and wear characteristics of brake friction materials.2–5 The weight percentage of phenolic would influence the hardness, specific gravity and tribological characteristics of semi-metallic brake friction materials.6 Reinforce fibre is responsible for providing the strength, and rigidity. Ho et al. concluded that addition of reinforce fibre improves the COF and reduces wear rate of the friction material formulation.7


    Friction modifiers are added into the formulation for purpose of lowering or increasing the friction levels such as metal powders and graphite, and for cleaning of the counter friction surface such brass, zinc and SiO2. Whereas fillers such as clay and calcium carbonate are used to fill up the space and to reduce the overall cost due to low cost minerals. Graphite is able to generate a solid lubricant layer on opposing mating surface, thus stabilise COF during braking over given ranges of temperature. Too much carbon in the composition will reduce the bonding between carbon and phenolic resins, leading to a low shearing strength which could result higher wear rate.8


    Wear is more complicated than friction because it involves: plastic deformation plus localised fracture event,9 chemical changes10 and microstructural changes11. The wear process in dry sliding contacts could be summarised as follows: (1) particle detachment from the contact material surface due to formation of plastic deformation, (2) material transfers to the opposite mating surface12, (3) elimination of wear fragments from the interfacial contact zone as the wear debris.13 Wear rate of brake friction material increases linearly until the degradation temperature of 230°C and thereafter increase exponentially as observed elsewhere.9,13,14


    Kinetic energy is converted into thermal energy during braking process. The brake pads and brake disc absorbs the accumulated heat which lead high surface temperatures of the brake materials and the brake disc. Braking can cause a temperature to increase up to 500°C.15 The polymeric materials start to degrade at the temperature of 230°C and the degree of degradation increases with temperature within the range of 269°C–400°C.14 The degradation of the polymer materials cause brake fade phenomena where the coefficient of friction reduced with increasing surface temperature.16 The high temperature decreases the yield strength and leads to changes in the wear mechanism and the real contact configuration.17 These phenomena could increase the wear rate of the brake friction materials. This study was focused on the effect of different vol. % of carbon the composition on the physical, mechanical, tribological properties and braking performance. The effects of different vol. % of carbon on the pressure, surface temperature and speed sensitiveness behaviour during braking process will be also discussed in this paper.


    2.EXPERIMENTAL


    Three brake pads were prepared through powder metallurgy process by varying the volume percentage (vol. %) of the carbon in the composition. The sample were marked as A, B and C, where sample B was set as the base formulation which composed of 14 vol. % of carbon in the composition. The carbon vol. % in sample A was decreased by 50% while that in C was increased by 50% as compared with the base formulation sample B. The composition of the other ingredients in sample A and C were proportionally increased and decreased, respectively according to the base formulation. The elemental compositions of the developed samples are listed in Table 1. The ingredients were mixed in a mixer for 10 min, followed by warm compacting under a pressure of 150 kg/cm2 at a temperature of 190°C in a mold for a Proton Waja passenger car. The compacted brake pads were post-baked at a temperature of 180°C for 4 h. The samples of 25 × 25 × 6 mm were prepared for specific density, porosity and hardness tests. The brake pads for passenger car model Proton Waja 1.6 were prepared for brake inertia dynamometer test. Each sample was subjected to specific density, porosity, hardness, chase friction and brake effectiveness tests.


    Table 1:Composition of brake friction material.


    
      
        	Ingredients

        	
          A

        

        	
          B

        

        	
          C

        
      


      
        	Carbon

        	
          7

        

        	
          14

        

        	
          21

        
      


      
        	Phenolic resin

        	
          10.8

        

        	
          10

        

        	
          9.2

        
      


      
        	Reinforcing fibre (Fe, Cu, ceramic)

        	
          31.4

        

        	
          29

        

        	
          26.6

        
      


      
        	Friction modifier (Fe2O3, MgO2)

        	
          30.3

        

        	
          28

        

        	
          25.7

        
      


      
        	Filler (sulphur, barium, rubber)

        	
          20.5

        

        	
          19

        

        	
          17.5

        
      

    


    2.1Physical and Mechanical Tests


    The specific gravity measurements were carried out using specific gravity model Mettler AE 200 in accordance with MS 474: Part 1 (available from Standard Department of Malaysia, Putrajaya). The specific gravity is the arithmetic mean of five measurements. Rockwell hardness measurement was conducted on Rockwell hardness tester model Mikata. The Rockwell hardness scale S with applied load of 60 kgf and ball diameter of 12.7 mm was conducted in accordance with Malaysian Standard MS 474: Part 2 (available from Standard Department of Malaysia, Putrajaya). The hardness is the arithmetic mean of the reading from ten indentations on the same sample. Hot bath model Tech-Lab Digital Heating was used to measure the porosity of the sample. Three samples for each formulation were used. The porosity measurement was conducted in accordance with Japanese Industrial standard JIS 4418 (available from Japanese Industrial Standards Committee, Tokyo).


    2.2Chase Friction Tests


    Chase friction test was accomplished on a Brake Lining Test Stand at Advanced Materials Research Center, SIRIM Berhad (Kulim, Malaysia). Samples with dimensions of 25 × 25 × 6 mm were glued to the backing plate and then attached to brake callipers on the brake drum. The sample was pressed against a rotating grey cast iron brake drum with a constant rotating speed of 417 rpm under the load of 647 N. Briefly, each sample was subjected to seven test runs with the following sequences: (1) baseline, (2) first fade, (3) first recovery, (4) wear, (5) second fade, (6) second recovery and (7) baseline rerun. The details of test program can be referred in the earlier publication.18 This chase friction test is a very useful tool for formulation development, production process quality control, and as an early assessment before dynamometer testing.


    2.3Brake Inertia Dynamometer Test


    The dynamometer tests were carried out using a brake inertia dynamometer which simulated the front axle brake system of Proton Waja 1.6. Table 2 shows the vehicle specifications. The dynamometer tests were conducted in accordance with Society of Automotive Engineers SAE J2522 Dynamometer Global Brake Effectiveness test procedures (available form SAE, 400 Commonwealth Dr, Warrendale, PA 15096, USA). Prior to testing, the sample was subjected to 200 conditioning stops before the beginning of performance measurement. Then, the samples were subjected to characteristic, speed-sensitive drags, fade and recovery tests. Each sample was conducted on a new brake rotor. The dynamometer global brake effectiveness tests were conducted at Greening Testing Laboratories Inc. (Detroit, Michigan) using single-end full-scale inertia brake dynamometer. Brake inertia dynamometer test sequences are shown in Appendix A.


    Table 2:Test specifications.


    
      
        	
          Item

        

        	
          Specifications

        
      


      
        	Vehicle system simulated

        	: Proton Waja 1.6 front
      


      
        	Brake configuration

        	: Disc brake
      


      
        	Piston diameter

        	: 54 mm
      


      
        	Rotor diameter × thickness

        	: 236 × 18 mm
      


      
        	Rotor mass

        	: 3.7 kg
      


      
        	Rotor effective radius

        	: 95.88 mm
      


      
        	Axle load

        	: 830 kg
      


      
        	Test inertia

        	: 34.7 kg·m2
      


      
        	Simulated wheel load

        	: 390 kg
      


      
        	Rolling radius

        	: 287.02 mm
      


      
        	Wheel rotation

        	: Right hand
      

    


    3.RESULTS AND DISCUSSION


    3.1Physical and Mechanical Properties


    Physical and mechanical test results are shown in Table 3 and Figure 1. The specific gravity decreased with increasing carbon vol. % in the composition. This phenomenon was due to higher vol. % of carbon the lighter will be the weight of the sample, thus the lower will be the specific gravity. The porosity for all the samples is comparable to each other. This result indicated that the samples are homogeneously mixed. Results of hardness show a decrease of hardness value as increased of carbon vol. % in the composition. Hardness of carbon material is the lowest as compared to the ingredient, thus increased of carbon vol. % in the composition will definitely decreases the hardness of the developed samples. However, there is not much different in porosity readings when the vol. % of carbon were varied due to submicron size of the carbon employed in this study.
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      Figure 1:Effect of carbon vol. % on specific gravity and hardness.

    


    Table 3:Physical and mechanical test results.


    
      
        	
          Sample

        

        	
          Specific gravity

        

        	
          Porosity (%)

        

        	
          Hardness (HRS)

        
      


      
        	
          A

        

        	
          2.49

        

        	
          15.68

        

        	
          88.53

        
      


      
        	
          B

        

        	
          2.31

        

        	
          15.48

        

        	
          73.30

        
      


      
        	
          C

        

        	
          1.96

        

        	
          15.61

        

        	
          62.13

        
      

    


    3.2Chase Friction Results


    Figure 2 shows that the COF of all samples increases in the early stage of braking process and thereafter decreases after reaching maximum value during second fade run. COF of all developed samples increases with increasing temperature and thereafter decreases after reaching the maximum value. In early stage of braking, the COF increases due the plowing of harder asperities on the real contact area into the sample and enlargement of the contact area.19 After reaching a maximum value, COF decreased with increasing surface temperature due to the phenomena of (1) the degradation of the organic materials,14 (2) shearing of the peak asperities and transition of wear mechanism13 and (3) formation of friction film.20 The first fade result is not discussed because the temperature generated during this braking operation is below 550°F (288°C).


    Figure 2 shows that sample B which composed of 14 vol. % of carbon exhibited the most stable COF. Sample A and C produced higher COF compared to sample B in the early stage of braking; however had lower COF as the drum temperature increased. Sample C had the COF drastically reduced from 0.33 to 0.21 which could result in longer braking distance. This could cause an accident or the driver needs to apply extra load at the foot pedal to overcome this to situation. Sample C had the highest carbon vol. % in the formulation which in turn generate a solid lubricant layer between the two sliding surfaces, thus reduce the COF.
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      Figure 2:Effect of carbon vol. % on COF during second fade cycle.

    


    Figure 3 shows the COF behaviours during second recovery cycle. COF of sample B return to their original friction level after cooling which indicates this sample had a good ingredients formulation. It could be noticed COF of sample A and C are not fully recovered to their original positions after cooling. Chase friction test is used for the screening the formulation before deciding could be sent for brake inertia dynamometer test. Based on second fade and recovery results, sample B exhibited the best COF characteristics. However, all the three samples complied with the requirement of Automotive Manufacturer Equipment Companies Agency (AMECA) where the minimum coefficient of friction shall be more than 0.15. Thus, the brake pads for passenger car model Proton Waja 1.6 for the three formulations were prepared for brake inertia dynamometer tests.


    3.3Brake Inertia Dynamometer Test Results


    Figure 4 shows that sample A is less sensitive with speed as compared with sample B and C. The COF of the three samples demonstrated the same characteristics where COF slightly increased when the initial raking speed increased to 80–40 km/h, and thereafter decreases with increasing speed. As the braking speed increases, the amount of energy generated and absorbed by the brake components is also increased when brake is applied at higher speed which subsequently increased surface temperature of the brake pads. This phenomenon resulted brake fade where COF decreases with increasing of surface temperature. When the initial braking speed further increased, the other polymeric materials were also decomposed resulting further reduced the bonding among the ingredients. This phenomenon generated three-body rolling contact of wear particles, thus further reduced COF.21 Sample B was found to be the most stable COF whereas sample C produced the lowest COF. Sample C composed of the highest carbon which generate solid lubrication layer and the lowest phenolic resin vol. % which results less resistance to sliding, thus resulting the lowest COF.
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      Figure 3:COF on second recovery cycle.
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      Figure 4:COF behaviour with operating speed.

    


    The entire three samples with different carbon vol. % show the same COF trends with increasing of surface temperature. It was observed that the COF was increased with increasing temperature in the early stage of braking as shown Figure 5. Subsequently, the COF then decreased when the surface temperature has reached the degradation temperature of 230°C as observed elsewhere.13,14,16 This phenomenon is due to the harder asperities on the brake disc being ploughed into the wear surfaces.19 High surface temperature causes the polymeric materials (phenolic resin, rubber, friction dust) to degrade and the degree of degradation increases with increasing wear surface temperature.14 These phenomena cause the mechanical integrity of formulation become progressively weaker, and thus reducing the COF as the surface temperature increases. Transition of wear mechanism from abrasion to adhesion, shearing of the peak asperities and formation of friction film could also be the reasons.11 Sample C which composed of the highest vol. % of carbon has the lowest COF due to generation of solid lubrication layer between the mating surfaces as the surface temperature increases. Sample A had lowest vol. % of carbon, thus reduces the lubricating effect on the sliding surfaces, thus has higher COF as compared with sample B and C. Sample A has the highest vol. % of reinforcing fiber and friction modifier which increased the sliding resistance between the mating surfaces.
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      Figure 5:COF behaviours with surface temperature.

    


    3.4Thickness Loss


    Figure 6 shows that the brake pad thickness loss and surface roughness of rotor decreased with increasing vol. % of carbon. Sample C which composed of 21 vol. % carbon has the lowest pad thickness loss and rotor surface roughness. The carbon material in the formulation generates and covers the mating surfaces with solid lubrication layer, thus reduces resistance to sliding and removal of wear particles. Analyses on the brake inertia dynamometer test results, it could be postulated that sample A has the highest COF. Sample A composed the highest volume percentage of iron oxide and magnesium oxide in the formulation which causes the rotor surface becomes rougher. Rougher surface of rotor results in the hard asperities would plough into the brake friction materials producing more wear particles. This phenomenon results an increase of pad thickness loss.
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      Figure 6:Effect of vol. % of carbon on brake pad thickness loss and surface roughness.

    


    4.CONCLUSIONS


    Three samples have been developed through powder metallurgy process by varying the vol. % of carbon in the formulation. The samples subjected to chase friction and brake inertia dynamometer tests. The chase friction tests using a sample size of 25 × 25 × 6 mm was used to screen the formulation during the formulation development. A working prototype brake pad for Proton Waja passenger car was fabricated using formulations that complied with AMECA requirements was subjected to brake inertia dynamometer tests. The selection of the best formulation was determined based on the brake inertia dynamometer test results. Test results show that COF sample C is sensitive to speed and temperature and has the lowest COF due to high vol. % of carbon in the formulation. Lower COF result in longer braking distance and require more applied pedal load for getting shorter braking distance. Sample A and sample B are less sensitive to speed and temperature. Sample B is selected as the best formulation on the basis that it has much lower pad thickness loss as compared with sample A. However, sample A and sample B will be subjected to on-road performance and reliability test to evaluate and validate the formulation under its real life application conditions.


    The entire three samples illustrate the same trend of friction characteristics with increasing speed and temperature. COF increases with increasing speed and temperature in the early stage of braking and subsequently decreases when the surface temperature has reached the degradation temperature of polymeric materials at 230°C. Increase in COF is due abrasion wear mechanism and enlargement of the contact area. COF begin to decrease at 230°C owning to degradation of phenolic resin, shearing of the peak asperities and formation of lubrication friction film.
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    Abstract:In this work, the effects of different contents of slip agent (0, 800, 1,000, 1,200 and 1,500 ppm) on the surface friction and tensile properties of Linear Low Density Polyethylene (LLDPE) films were investigated. The mixture of LLDPE and slip agent was first compounded and palletised using twin screw extruder and subsequently processed into film using extrude blow film machine. Coefficient of friction (COF), tensile strength, elongation at break, Young’s modulus and gel count of the produced film were investigated. It was found that COF, tensile strength and Young’s modulus decreased with increase in contents of slip agent but the elongation at break was found to slightly increase. It was also found that the gel count increased as the contents of slip agent increased which might be due to remaining slip agent or contamination in the materials.


    Keywords: Slip agent, LLDPE, films, COF, tensile properties


    1.INTRODUCTION


    Linear Low Density Polyethylene (LLDPE) by far is the most commonly used material for commodity packaging due to its properties such as non-toxic, easily processible, reprocessible, cold-resistant, resistant to moisture, toughness and high tensile strength. However, typically LLDPE films surfaces are tacky and exhibit a high coefficient of friction (COF), which tend to stick to metals and to other components of the handling lines during their fabrication and use.1 In order to avoid this problem, especially on the packaging lines, the plastic films need to have a low level of friction. The required COF of the plastic films is commonly achieved by the use of the additive, which is called as a slip agent.2,3


    The main function of slip agent is to modify the surface properties of LLDPE films. Slip agent in LLDPE materials are used to bloom the film surface in order to reduce the COF.4 Slip agent is typically added during the mixing and extrusion stage of the resins and the additives. The slip agent are incompatible with the bulk polymer, therefore they are not bonded into the bulk polymeric matrix but are free to migrate to the surface after extrusion. The size of the molecule plays an important role in order to determine the ease of the slip agent to migrate through the bulk polymer to the surface. The molecular structure of slip agent can be modified by increasing the molecular chain length or by adding or subtracting the carbon atom. Addition of more atomic molecules increases the chain length and slows down the speed of migration and it also increases the compatibility with the bulk polymer.5


    Multiple factors need to be considered to control the migration of the slip agent from the bulk polymeric matrix to the surface. The most important factor are slip agent amount.6 The incorrect amount of slip agent and poor processing might produce defects during printing, sealing and handling.7 In view of the large quantity of LLDPE produce worldwide for the film blowing market, it is of interest to investigate the roles of slip agent in blown film process. The objective of this work is to assess the effect of different contents of slip agent (0, 800, 1,000, 1,200 and 1,500 ppm) on the surface friction and tensile properties of LLDPE films.


    2.EXPERIMENTAL


    2.1Materials


    LLDPE copolymer with butane as a comonomer was used in this work. The properties of LLDE are shown in Table 1. LLDPE powder and Erucamide slip agent CAS 112-84-5 was provided by Petronas Chemicals Polyethylene Sdn Bhd (PCPSB).


    2.2Compounding Process


    LLDPE virgin powder and slip agent were pre-mixed in a container and was placed on the rotating roller at approximately 250 rpm for at least three hours to homogenise the mixture. The slip agent content was varied from 0, 800, 1,000, 1,200 and 1,500 parts per million (ppm). The premixed of LLDPE and slip agent was dried in vacuum oven overnight at 40°C to remove moisture before compounded in a twin screw extruder (PSM 30 co-rotating twin screw extruder). The temperature profile was shown in Table 2. The screw speed was adjusted to 65 rpm. The premixed was then fed into the extruder hopper and extruded through the die, passed in a cold-water bath at 28°C and then pelletised.


    Table 1:Properties of LLDPE.


    
      
        	Properties

        	Units

        	Test method

        	Value
      


      
        	Physical
      


      
        	
          Melt flow rate (MFR)

        

        	
          g/10 min

        

        	ISO 1133

        	1.0
      


      
        	Mechanical
      


      
        	
          Tensile strength at yield (MD/TD)

        

        	
          MPa

        

        	ISO 527-3

        	11/12
      


      
        	
          Tensile strength at break (MD/TD)

        

        	
          MPa

        

        	ISO 527-3

        	40/31
      


      
        	
          Elongation at break (MD/TD)

        

        	
          %

        

        	ISO 527-3

        	1,300
      


      
        	
          Elmendorf tear strength (MD/TD)

        

        	
          g/25µm

        

        	ISO 6383/2

        	160/400
      


      
        	
          Dart impact strength

        

        	
          g

        

        	ISO 7765-1: (A)

        	160
      


      
        	Other
      


      
        	
          Clarity

        

        	
          %

        

        	ASTM D 1746

        	90
      


      
        	
          Gloss (45°)

        

        	
          GU

        

        	ASTM D 2547

        	52
      


      
        	
          Haze

        

        	
          %

        

        	ASTM D 1003

        	30
      


      
        	
          COF

        

        	
          –

        

        	ISO 8295

        	0.14
      

    


    Table 2:Temperature profile of twin screw extruder.


    
      
        	
          Zone

        

        	
          Barrel set temperature (°C)

        

        	
          Melt temperature (°C)

        
      


      
        	
          1

        

        	
          170

        

        	
          170

        
      


      
        	
          2

        

        	
          175

        

        	
          175

        
      


      
        	
          3

        

        	
          180

        

        	
          181

        
      


      
        	
          4

        

        	
          180

        

        	
          180

        
      


      
        	
          5

        

        	
          185

        

        	
          185

        
      


      
        	
          6

        

        	
          185

        

        	
          189

        
      


      
        	
          7

        

        	
          190

        

        	
          196

        
      


      
        	
          8

        

        	
          190

        

        	
          189

        
      


      
        	
          9

        

        	
          195

        

        	
          199

        
      


      
        	
          Die

        

        	
          200

        

        	
          200

        
      

    


    2.3Blown Film Process


    Fabrication of LLDPE film was carried out using extrusion blown film machine manufactured by Queen Machinery Co. Ltd. The LLDPE premixed was first dried in an oven overnight at 40°C to remove moisture before blown film. The following blowing conditions were employed: barrel temperature, Zone 1: 170°C, Zone 2: 175°C, Zone 3: 185°C; die temperature (Zone 4): 190°C; screw speed: 300 rpm and pull speed: 425 rpm. Extruded sheets were pulled using a take-up device and film thickness was maintained at about 0.03–0.045 mm.


    2.4Testing


    2.4.1 COF


    COF was determined using Twin Albert friction/peel tester. The testing was carried out according to ASTM D-1894. Sample was cut into 12.5 × 6 cm. The plastic film was then tape to the metal block equipped with a sponge rubber pad and subsequently pulled across a plane covered with sample film at a constant speed of 150±30 mm/min. Static and kinetic COF were measured and the average values of the three samples were reported.


    2.4.2 Tensile test


    Tensile test was carried out according to ASTM D 638 using an Instron Universal Testing Machine Type 3366. The gauge length and grip distance were kept constant at 50 mm and the crosshead speed was set at 50 mm/min. The tensile strength (TS), elongation at break (Eb) and Young’s Modulus (E) of five samples of each composition were measured and the average values were reported.


    2.4.3 Gel count


    Gel count test was carried out by using image analyser (Metallurgical Microscopemeiji Image Analyzer) under 50× magnification. The film was cut into 10 × 10 mm size and placed on a glass microscope with a drop of silicon oil and covered with a glass covered slip. The gel count was recorded. Figure 1 shows example of gel that contains on plastic film.


    
      [image: art]


      Figure 1:A gel on plastic film.

    


    3.RESULTS AND DISCUSSION


    3.1COF


    The COF of the LLDPE film at different contents of slip agent is shown in Figure 2. The COF decreased with increasing content of slip agent. Increasing content of slip agent increased the amides migration to the surface of the bulk matrix such that provides an internal reservoir of lubrication that occurs on the film surface shortly after exiting the die. Migration occurs because the slip agent has limited chemical compatibility and solubility in the LLDPE matrix. During processing, the amide is solubilized in the amorphous melt but after LLDPE cooled and it began to crystallise, the slip is literally squeezed out from the solidifying polymer matrix to the surface. On the surface, the amide forms a soft lubricating layer, filling in valleys and imperfections. This layer effectively separates adjacent film surfaces, preventing sticking and blocking and reduces the force required to move coated surfaces tangentially across one another, thereby lowering the COF.8,9 It can also be seen that static COF which is associated with the force needed to start moving an object was higher compared to kinetic COF which is the force needed to sustain movement with an average percentage difference of 12.84%. The difference between static and kinetic COF might arise from irregularities or surface contaminants.10,11
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      Figure 2:COF of LLDPE film at different contents of slip agent.

    


    3.2Tensile strength


    The tensile strength of the LLDPE film at different contents of slip agent is shown in Figure 3. It can be seen that the tensile strength decreased as the contents of slip agent increased. The decrease of the tensile strength could be affected by the presence of microvoids in the matrix when slip agent exude to the surface and remaining slip agent in the bulk matrix. Obviously, both the microvoids and the remaining slip agent increased with increasing contents of the slip agent.12 The tensile strength for samples at machine direction (MD) was found higher compared to those at the transverse direction (TD) with an average percentage difference of 35.10%. The effects of tensile strength at MD and TD direction can be explained by the orientation of LLDPE molecular chain during extrusion. In MD direction, the energy required to break and rupture the long molecular chain of LLDPE was greater when compared with the energy required to separate the space between LLDPE molecular chains in TD direction.


    3.3Elongation at Break


    Figure 4 shows elongation at break of LLDPE film at different contents of slip agent. In general, the trend for elongation at break is inversely proportional to the tensile strength. It can be seen that elongation at break gradually increased as the content of slip agent increased from 0 ppm to 1,500 ppm. The slip agent is believed to act as a plasticiser within LLDPE chains. The slip agent fills the space between the polymer chains, increasing the separation between them, and causing a decrease in the polar forces of attraction.7 The elongation at break for samples at TD was found higher compared to those at MD direction with an average percentage difference of 20.36%. The higher elongation at break at TD could be explained due to the flexibility of the molecular chains during deformation. During stretching, the spacing of LLDPE chains in TD increased such that increases the mobility of the molecular chains to slide and disentangle with each other. The elongation at break is determined after all the spacing and entanglement of LLDPE molecular chains is disrupted, whereas in MD the flexibility of the molecular chains is limited and the elongation at break is determined after all the molecular chain breakdown.
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      Figure 3:Tensile strength of LLDPE film at different contents of slip agent.
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      Figure 4:Tensile strength of LLDPE film at different contents of slip agent.

    


    3.4Young’s Modulus


    Figure 5 shows Young’s modulus of LLDPE film at different contents of slip agent. As expected, Young’s modulus decreased with increasing content of slip agent. The decreased of Young’s modulus can again be explained due to the plasticisation effects bring about by the addition of slip agent. The slip agent penetrates between the polymer chains and decreased the intermolecular force resulting in lower polymer chain cohesion. Therefore, the stiffness was significantly decreased and the flexibility increased. It can also be seen that the Young’s modulus for samples at TD was found higher compared to those at MD direction with average percentage difference of 15.34%. Higher values of Young’s modulus corresponding to stiffer film where it requires higher force to elastically deform it. The lower Young’s modulus at MD could be attributed to higher chain mobility which can be elastically deformed at lower force.
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      Figure 5:Young’s modulus of LLDPE film at different contents of slip agent.

    


    3.5Gel Count


    Gel count of LLDPE film at different contents of slip agent is shown in Figure 6. Generally, the number of gel count increased with increasing content of slip agent. The increase of gel count could be attributed to accumulation of small bits of higher molecular weight slip agent or contamination that reflect and transmit light differently from the material. Gels could also originate from several sources such as crosslinked material caused by overheating, residue or other organic or inorganic contamination.
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      Figure 6:Gel count of LLDPE film at different contents of slip agent.

    


    4.CONCLUSION


    It was found that COF decreased with increase in content of slip agent which might be due to increased amides migration from the bulk matrix to the surface. Static COF had the highest value compared to kinetic COF. Tensile strength and Young’s modulus was also found to decrease as the content of slip agent increased. The decrease in tensile strength and Young’s modulus was believed to be due to the presence of the microvoids in the matrix after the slip agent exude to the surface and the remaining slip agent in the bulk matrix. As expected, elongation at break gradually increased as the content of slip agent increased. Addition of slip agent increased flexibility of the molecular chains during deformation. It was also found that the gel count increased with increase in content of slip agent such that could be explained due to small bits of higher molecular weight material or contamination in the materials.
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    Abstract:Formulations of natural hydrogeological phenomena have been derived, from experimentation and observation of Darcy fundamental law. Mathematical methods are also been applied to expand on these formulations, but the management of complexities which relate to subsurface heterogeneity is yet to be developed into better models. This study employs a thorough approach to modelling flow in an aquifer (a porous medium) with phenomenological parameters such as Transmissibility and Storage Coefficient on the basis of mathematical arguments. An overview of the essential components of mathematical background and a basic working knowledge of groundwater flow is presented. Equations obtained through the modelling process were used to separate variables and solve hypothetical problems. Based on finite-difference conservative scheme the essential components of aquifer were determined by solving problem of groundwater flow in a porous medium.


    Keywords: Hydrogeological, mathematical, Darcy, aquifer, storage and transmissibility


    1.INTRODUCTION


    Groundwater is a component of the hydrologic cycle (Figure 1) which begins its journey as rainfall (precipitated water), percolates vertically downwards even to a greater depth through a geological formation, which could be soil and rock. Groundwater occurs in the cracks, joints and faults within a crystalline rock mass, and within the pore spaces of a sedimentary rock, such as sandstone. It is moves through and saturates a geologic formation (an aquifer/a porous medium), which could be soil or rock. Water attains a level in the ground which all available and interconnected spaces in the soil or rock are saturated. This is called water table. The water table is not flat but slope the hills down the valley sides towards the river.


    
      [image: art]


      Figure 1:The hydrological cycle and groundwater flow (after).1

    


    It is important to note that groundwater usually contains higher concentrations of natural dissolved materials than surface water. The materials dissolved in the water usually reflect the composition and solubility of the earth materials (soil or rock) that the groundwater is in contact with and time that it has been in the subsurface. Groundwater also plays a crucial role in sustaining rivers and streams, particularly during droughts when it becomes a valuable buffer. Many ecosystems including some of our most iconic depend on groundwater. Groundwater is a finite resource and aquifers can become depleted when extraction rates exceed replenishment or “recharge” rates, like surface water, groundwater can become polluted or contaminated.


    The following are the importance of ground water:


    
      	It supplies drinking water, it helps grows our food (irrigation to grow crops).


      	It is an important component in many industrial processes.


      	It is a source of recharge for lakes, rivers and wetlands.

    


    The pioneering solution of flow equations for aquifers was based on the analogy between flow of water in an aquifer and flow of heat in a thermal conductor.2 The equation was adapted from heat transfer literature for two-dimensional radial flow to a point source in an infinite, homogeneous aquifer. Another extension to the traditional form of Darcy law is the account for transitional flow between boundaries3 in comparing the solution with the Theis solutions4. However, the resulting answers are almost the same as these are graphical method of solutions and are in agreement with this work.


    Theis solution was also applied to steady state radial flow which gives rise to a pumping well. It comes about from application of Darcy law to cylindrical shell control volume where the background he is the hydraulic head and h–h0 is the drawdown at the radial distance from the pumping well. Jacob observed that after pumping well had been running for sometimes, higher values of the infinite series become very small and could be approximated.


    In spite of the tremendous advancement in the application of modelling groundwater flow, little work has been carried out in the area of groundwater flow and storage. The solution of a “force convention” problem has been illustrated in one dimension.5 The domain under study is an aquitard through which groundwater movement is vertical. This is because the fluids at depth are hotter than fluids near surface. The hotter fluids are less dense and lighter than the cooler fluids and tend to rise. A summary of these is among the several mechanisms that drive the flow of groundwater in sedimentary basins, topography ranks as one of the most important driving forces.6


    The Bausinesq’s approximation is considered, and treatment of the coupled equation of heat and fluid flow for the assumption of a constant fluid density everywhere expect for the buoyancy driving force.7 The problem that arises in groundwater flow through a model in a fractured rock has also been a subject of research.8 They attempt to fit a conventional radial flow model to observe the drawdown at early time underestimate and later time overestimate. Moreover, there are many fractured rocks where the flow of groundwater does not fit the application of Darcy law, the geometry of which differs completely from porous media.


    Investigation suggested that the flow is influenced by the geometry of the bedding parallel fractures, a feature that the model cannot account for.9,10 It is therefore possible that the equation may not be applicable to flow in porous media rather than a fractured aquifer. Rätz and It has been shown that the proposed Darcy’s law relies on experimental results obtained from the flow of water through a one-dimensional sand column, the geometry of which differs completely from that of a fracture.11,12 The derivation of a generalised groundwater flow equation is an indication that the contribution is to investigate the possibility of the development of a three-dimensional model for groundwater flow equation. Mathematical Modelling is a tool that can be used for understanding of a groundwater system and its behaviour so as to predict its future response.


    2.BACKGROUND OF STUDY AND PROBLEM FORMATION


    The use of aquifers is increasing as both a source of water supply and a medium for storing various hazardous waters. As this usage expands, our knowledge of groundwater systems must also expand.


    In general, specifying the flow domain is a major question in formulating the groundwater flow problem. The governing equation is the groundwater flow equation, expressed as:


    [image: art]


    where kxx, kyy, kzz are values of hydraulic conductivity along the x, y and z coordinates axes (L/T), h is the potentiometric head (L), R is a volumetric flux per unit volume representing sources or sinks of water (T–1), Ss is the Specific Storage (L–1) while T is the time (T).


    The boundary conditions specify the flow equations at the boundary of the domain.13 The two common boundary conditions are:


    
      	specified head and


      	specified flow.

    


    The initial condition defines the spatial distribution of hydraulic head everywhere in the flow domain at the initial time.


    3.MATHEMATICAL AND MODEL FORMULATIONS


    3.1Mass Balance Theory


    A balanced mass must be performed along with Darcy law to arrive at the groundwater flow equation. This balance is analogous to the energy balance used in heat transfer to arrive at the heat equation. It is simply a statement accounting that for a given control volume, aside from sources or sinks mass can neither be created nor destroyed. It follows that for a given increment of time at the difference between the mass flowing across the boundaries and the sources within the volume is the change in storage.14


    Therefore, the excess of in flow over outflow during a short time interval through the surface of the control volumes that are perpendicular to the xy- direction may be expressed as follows:


    [image: art]


    3.2Fluid Mass Conservation


    A fluid flow fluid through porous media can be described by differential equations.15 Since the flow is a function of several variables, it can be appropriately described by partial differential equations in which the special coordinates x, y and z and time (t) are the independent variables. In depriving the equations, the law of mass conservation and energy are employed.


    The law of fluid mass conservation also stated that in a flow system, fluid mass is neither created nor destroyed, which translates the above statement into a mathematical expression.16,17 In this case, it is convenient to considered “control volume” within a flow region. The principle of conservation of fluid mass can now be stated as follows: The rate at which fluid mass enters the control volume minus the rate at which fluid mass leaves the control volume is equal to the rate at which fluid mass is accumulating in the elemental control volume.18


    3.3Control Volume Approach


    Considering a very small part of an aquifer shown in Figure 2 as control volume, the general conservation statements, which incorporate boundary condition at the phreatic surfaces is still applicable.19 The shape of the control volume is arbitrary with a definite volume, fixed in space and its boundaries are called control surfaces. The amount and identity of matter in the control volume may with time but the shape and position of this volume remain fixed.


    The continuity equation or equation of mass conservation is obtained by considering a small control volume in Cartesian coordinates (x,y,z) of dimensions and , which are parallel to x, y, z coordinate around the point P(x, y, z) in a porous medium domain. The vector (V) with components Vx, Vy, Vz in the x, y, z directions denote the mass flux of a fluid of density (ρ). The area faces normal to the x-axis is dy dz, the area of the faces normal to the y-axis is dxdz, and the area of the faces normal to the z-axis is dx dy.


    
      [image: art]


      Figure 2:Control volume of dimensions, ∂x, ∂y, ∂z and centers p(x, y, z).

    


    Assuming the aquifer is homogeneous and isotropic, the fluid moves only in one direction through the control volume. The actual motion can be subdivided on the basis of the components flow parallel to the three principal axes. For this analysis, we assumed the main characteristic flow in an aquifer is that flow is essentially horizontal. This is true, in a confined horizontal homogeneous, isotropic aquifer with fully penetrating wells. This is in order when the thicknesses of the aquifer vary in such a way that is much smaller than the aquifer thickness itself. This assumption fails in regions where the flow has a vertical component. However, in view of the fact that the thickness of the aquifer is much less than the horizontal length involved, the assumption of essentially horizontal flow may be considered a good approximation.


    Therefore, under certain conditions, instead of considering the flow in three dimensional with h(x, y, z, t) we may treat the problem in terms of an average head, h = h(x, y, t) if the flow is two dimensional in the horizontal xy- plane. All terms from control volume involving first and second derivatives with respect to z- axis vanish.


    The general continuity equation is:


    [image: art]


    where q is the flow rate, volume/time (L3T–1), a is cross sectional area perpendicular to the flow, (L2) while v is the flow velocity, length/time (LT–1).


    If Q is the total flow rate, then the mass flux Vx = w qx is the portion parallel to the x- axis, where pw is the water density and Vy = w qy in the y- direction respectively.


    4.DERIVATION OF GROUNDWATER FLOW EQUATION


    The groundwater flow equation is a mathematical relationship, which describes the flow of water through a geological formation that can store and transmit water. The steady state flow of groundwater is described by a form of the Laplace-equation, which is a form of potential flow and has analogs in numerous fields. The groundwater flow equation is often derived for a small Representative Elemental Volume (REV) as illustrated in Figure 2 where the properties of the medium are assumed to be effectively constant. A mass balance is done on the water flowing in and out of this small volume, the flux terms in the relationship being expressed in terms of head by using the constitutive equation (Darcy law), which requires that the flow is slow.


    4.1Flow in x- Direction


    Volume into face x = qxAx


    where Ax = dydz


    volume into face x = qxdydz

    Vx = qxdydz


    [image: art]


    4.2Flow in y- Direction


    Volume into face y = qyAy


    where Ay = dxdz


    volume into face y = qydxdz

    Vy = qydxdz
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    4.3Flow in z- Direction


    Volume into face z = qzAz


    where Az = dxdy


    volume into face z = qzdxdy

    Vz = qzdxdy
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    Volume in – Volume out = Change in storage


    [image: art]


    From continuity of mass, the net accumulation in the control volume where Vw of the volumetric water content and t is the [image: art]. The net accumulation control volume is due to movement partial to the x- axis which is equal to the inflow less the outflow.
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    Combining Equation 9 and 10, the net total accumulation of mass is the control volume yields:


    [image: art]


    In vector notation [image: art]


    Applying Darcy’s law (for cases where hydraulic conductivity tensor axes are aligned with x, y, z axes):
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    Where Kx, y, z are directional hydraulic conductivities substituting:
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    Ground water flow equation for porous media which is both heterogeneous and anisotropic. In general, groundwater flow equation. The various simplifying conditions are:


    
      	Heterogeneous and isotropic

        Hydraulic conductivity kx = ky = kz but k = k (x, y, z).


        [image: art]

      


      	Anisotropic and homogenous

        Hydraulic conductivity kx ≠ ky ≠ kz but all k’s are constant in space.


        [image: art]

      


      	Homogeneous and isotropic

        Hydraulic conductivity kx = ky = kz.


        [image: art]

      

    


    4.4Volumetric Water Content


    The volumetric water content in the control volume is equal to Φdxdydz where Φ is the porosity. The initial mass of the water is ρwΦdxdydz. The volume of solid material is 1 – Φdxdydz. From Equation 6:


    [image: art]


    Any change in the mass of water with respect to time is given by:


    [image: art]


    As the pressure in the control volume changes, the fluid density will change as the porosity of the aquifer. The compressibility of water (β) is defined as the rate of change in density with a change in pressure (ρ).


    [image: art]


    The aquifer also changes in volume with a change in pressure. We shall assume the only change is vertical. The aquifer compressibility (α) is given by:


    [image: art]


    As the aquifer expands, ϕ will change, but the volume of solid Vs will be constant, likewise, if the only deformation is the z- direction, d(dx) and d(dy) will be equal to zero.


    [image: art]


    Differentiating Equation 19:


    [image: art]


    The pressure (p) at a pointing the aquifer is equal to p0 + pwgh, where p0 is atmospheric pressure, ρw is a constant and h is the height of a column of water above the point. Therefore,
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    and


    [image: art]


    Equation 20 can be rearranged if d(dz) is replaced by Equation 22,


    [image: art]


    if dx and dy are constant, the equation for change of mass with time in the control volume, Equation 16 can be expressed as:


    [image: art]


    Substituting Equations 21, 22 and 23 into Equation 24 after minor manipulations yields:


    [image: art]


    The net accumulation of volumetric water content expressed in Equation 7 is equal to Equation 25:


    [image: art]


    From Equations 18, 19, 20 and 22, we obtained:


    [image: art]


    For isotopic medium, we have,
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    Equation 29 is the main equation of flow for a confined aquifer which is the general equation for groundwater flow in three dimensional, we introduce storativity (S):


    [image: art]


    and transmissivity (T) = km where m is the aquifer thickness.


    Therefore, from Equations 29 and 10, we have:
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    A complete formulation of a generalised groundwater flow equation is obtained by combining mass conservation equation, Darcy’s law and definition of specific storage equation, which require specifying:


    
      	the extent of the flow domain by assumptions,


      	the governing equation,


      	spatial distribution of properties e.g. hydraulic conductivity (k) and hydraulic head (h), specific storage (ss),


      	boundary conditions and


      	initial conditions.

    


    In general, a generalised equation of groundwater flow equation in three-dimensional equation is expressed as:


    [image: art]


    Under this condition, instead of considering the flow in three dimension with h(x.y.t) since the flow is two-dimensional in the horizontal xy plane, all terms involving first and second derivative with respect to z- axis components vanish for flow in an aquifer that is plane surface.


    The two-dimensional, transient two of groundwater is a confined isotropic aquifer is governed by the partial differential equation.


    [image: art]


    The one-dimensional, transient flow of groundwater in a confined isotropic aquifer is governed by the partial differential equation. For 1-D problem, the pumping well is fully penetrating a non-leaking aquifer and the hydraulic conductivity (k) is an isotropic scaler. The assumption here is that the flow in an aquifer is essentially in horizontal direction and this assumed independent of y-and z-axis.


    [image: art]


    where,


    K = hydraulic conductivity,


    h = hydraulic head,


    t = the time and


    ss = specific storage.


    This equation is valid of a continuous aquifer, for which there is a value of K, t, Ss and h everywhere.


    4.5Equation of Unsteady Flow in a Leaky Aquifer


    Another useful coordinate system is three dimensional cylindrical coordinates (typically where a pumping well is a line source located at the origin parallel to the z- axis causing converging radial flow). Under these conditions, the above Equation 34 becomes (r being radial distance):


    [image: art]


    We account for leakage using:
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    Dividing by the aquifer transmissivity yields the equation:


    [image: art]


    Using the same approach as the solution for the confined (Theis) solution, we obtain the leaky partial differential equation:


    [image: art]


    This is equivalent to:


    [image: art]


    We can find an approximate solution for Jacob condition i.e. n < 1.
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    From Equations 38 and 39, we have:
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    yielding,


    [image: art]


    The quantity [image: art] is given by [image: art] which holds as long as u < 0.01 and [image: art]. Hantush and Jacob found an approximate solution to the leaky equation by setting: [image: art] to obtain [image: art], multiplying through by two integrating factors yields, [image: art] which is equivalent to [image: art] so that,


    [image: art]


    Again applying the borehole wall condition, [image: art], we obtain:


    [image: art]


    which is Hantush–Jacob solution.


    4.6Solution to the Problem


    Suppose that the three edges x = 0, x = L and y = 0 of a thin rectangular plate are maintained at zero temperature, h(0,y) = h(l, y) = h(x, 0) = 0 (45) and that the fourth edge y = h is maintained at a hydraulic distribution f(x),


    [image: art]


    until steady state conditions are realised as shown in Figure 3.


    
      [image: art]


      Figure 3:An illustration of steady state condition.

    


    The hydraulic distribution throughout the plate is required. Thus we must determine that solution of Laplace’s equation in two dimensions, [image: art] (47) which takes on the prescribed boundary values in Equations 45 and 46. The method of separation of variables consists of seeking particular “product solutions” of equation 47 in the form.


    [image: art]


    where X is a function of x alone and Y is a function of y alone. Introducing Equation 48 into Equation 47, there follows [image: art] or, separating the variables,


    [image: art]


    Since by hypothesis, the left-hand member of Equation 49 is independent of y and the equivalent right-hand member is independent of x, it follows that both sides must be independent of both x and y, and hence must be equal to a constant. If we call this arbitrary constant K2, there follows:


    [image: art]


    Thus we see that the product (Equation 48) will satisfy (Equation 47) if x and y are solutions of Equation 50, regardless of the value of k. Because of the linearity of Equation 47, it follows that any linear combination of such solutions, corresponding to different values of k, will also satisfy Equation 47.


    It is noticed that three of the boundary conditions are homogeneous. Thus, if each of the particular product solutions is required to satisfy Equation 45, any linear combination will also satisfy the same conditions. Equation 45 will be satisfied if:
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    whereas k implies the condition:
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    Equations 50a and 50b constitute a previously considered Sturm-Lioville problem for which the characteristic values are:


    [image: art]


    and the corresponding solutions (characteristic functions) are of the term:


    [image: art]


    Corresponding to (Equation 52), the solution of (Equation 50b) which satisfies (Equation 52) is of the form.
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    Thus it follows that any particular solution of the form:


    [image: art]


    where we have written an = AnBn, satisfies equation (Equation 47) and the three boundary conditions (Equation 45) which is true for any series of the form.
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    if suitable convergence is assumed. It remains, then, to attempt to determine the coefficients an in Equation 57 in such a way that the remaining condition Equation 46 is satisfied, so that:


    [image: art]


    But, from the theory of Fourier sine series, the coefficient [image: art] in this series must be of the form: [image: art] and hence, writing Cn = an sinh(nπH/L), the required solution Equation 57 takes the form,


    [image: art]


    assuming appropriate convergence. Let the hydraulic head of five faces of a rectangular parallel piped be maintained at zero,
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    and suppose that the sixth face is maintained at a prescribed hydraulic distribution,


    [image: art]


    until steady-state conditions are attained. We again investigate the resultant distribution of hydraulised in the interior. If we assume a product reduction of the relevant equation,
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    in the form:


    [image: art]


    The equation may be separated in the form:


    [image: art]


    The separation here depending upon the fact that the first member is independent of both y and z and the second equal member is independent of x. Hence we must have:
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    and after a second separation,
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    Thus Y and Z are determined by the equations:
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    The homogeneous boundary conditions Equation 60 are satisfied by the product solution if the factors satisfy the conditions.
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    We thus obtain from Equations 65, 67, 69(a) and 69(b):
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    To write further [image: art]
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    The solution of Equation 68 satisfying Equation 69(c) becomes:
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    Thus, writing amn = AmBnCmn, we are led to assume the desired solution in the form:


    [image: art]


    This expression satisfies Equation 19, as well as conditions of Equation 17 for arbitrary values of the coefficients amn. It remains, then, to determine these coefficients, in such a way that the remaining condition of Equation 18 is satisfied if we introduce the abbreviation:
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    This condition takes the form of:


    [image: art]


    Thus the coefficients Cmn are the coefficients of the double Fourier sine-series expansion of f(x,y) over the indicated rectangle (Figure 4).


    These coefficients are readily determined by a simple extension of the methods used in earlier work. If both Equations 77 and 78 are multiplied by [image: art] where p and q are arbitrary positive integers and if the results are integrated over the rectangle, there follows:


    [image: art]


    The double integral on the right can be written as the product:


    [image: art]


    and hence, this product vanishes unless p = m and q = n, in which case it has the value: [image: art]. Thus the double series in the right-hand member of Equation 79 reduces to a single term, for which m = p and n = q and there follows:


    [image: art]


    with these values of Cmn, the solution of Equation 76 becomes, with the notation of Equation 77:


    [image: art]


    where Kmn is defined by Equation 74.


    
      [image: art]


      Figure 4:A 3-D illustration.

    


    4.7Pressure and Permeability


    Buoyancy forces due to temperature changes can be a driving mechanism for fluid flow. Because a geothermal gradient occurs in the subsurface, fluids at depth are hotter than fluids near the surface. The hotter fluids are less dense and lighter than the cooler fluids and tend to rise conversely, the cooler fluids are denser and heavier than the hotter fluids and tend to sink. Under certain condition, buoyancy-driven flow can occur in the absence of topographic driven flow is known as thermal convection.


    Recall that Darcy’s law in terms of hydraulic head h is written as:
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    Where q is the specific discharge vector and k is hydraulic conductivity. When changes in the fluid density are important, it is necessary to express Darcy’s law in terms of pressure, p. This form of Darcy’s law can be written as:


    [image: art]


    where ρw is the fluid density, g is acceleration due to gravity, and z is the elevation (above a given datum) of the point at which hydraulic head is measured because hydraulic conductivity is related to permeability (k) by:
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    where u is the dynamic viscosity of the fluid, Equation 46 can be written as:


    [image: art]


    For a slightly compressible fluid, it is generally acceptable to assume that the spatial variation in fluid density is small so that Equation 46 can be written as:


    [image: art]


    Equation 50 is the common form of Darcy’s law expressed in terms of pressure and permeability. The vector components of this equation are:


    [image: art]


    where Equation 90 is the groundwater flow in geological formation.


    5.DISCUSSION OF RESULTS


    Flow in porous media has always been a matter of great interest and of great importance to Mathematicians. Certain geological formations are typical of porous media comprising matrix of particles. Theoretically, when the void spaces in such media are only partially filled with water, the water is usually attracted to the particle surfaces through electrostatic forces between the water molecules’ polar bonds and the particle substances. The surface attention draws the water up around the particle surfaces, leaving the air in the centre of the voids. As more water is added to the porous medium via the hydrological cycle, the air exists upwards and the area of free surface diminishes within the medium until the medium is saturated and there are no free surfaces within the voids and therefore, no soil suction force.


    In order to advance the study of flow through porous media, hydrogeological data are being analysed. This would further contribute to the unveiling knowledge of the applicability of flow in porous media. Table 1 is a result of pumping test conducted on a 200 mm well at the rate 1,150 1pm. The observation well 12.3 m away from the pumped well. Mathematical modelling approach makes it possible to determine the transmissibility and storage coefficients of the aquifer. Furthermore, what the drawdown would be at the end of 180 days both in the observation well, and in the pumped well can be computed using modified Theis equation.


    Table 1:Time and drawdown data of a water well pumping test (adapted).20
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      Figure 5:Drawdown-time semi-log plot.

    


    The time-drawdown plot is shown in Figure 5, from which Δ s = 0.28 m per log-cycle of t, t0 (for sw = 0) is 37 × 10–10 min.
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      	Drawdown in the observation well after 180 days:
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      	Drawdown in the pumped well after 180 days:

        [image: art]


        The Jacob’s method is valid for:


        [image: art]

      

    


    Another production well is pumped for two hours at a constant rate of 1,600 1pm. The drawdown in seven observation wells is shown in Table 2 below. In this case it is possible to determine the aquifer storage coefficient (S) and transmissibility (T).


    Table 2:Observation well distance and drawdown from pumping test data (adapted).20


    [image: art]


    


    The distance-drawdown plot is shown in Figure 6 from which Δs = 3.25 m per log-cycle of r, r0 (for s = 0) is 210 m.


    
      [image: art]


      Figure 6:Drawdown-observation wells distance semi-log curve.
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    Finally, a 400 mm well pumped at the rate of 2,000 1pm for 200 min yielded a drawdown of 1.51 m in an observation well 20 m from the pumping well. The pumping was stopped and the residual drawdowns during recovery in the observation well for two hours are given in Table 3. In a similar way, it is convenient to determine the aquifer storage and transmissibility.


    The time-residual drawdown data are processed in Table 3 and the Theis recovery curve is plotted on a semi-log paper as shown in Figures 7.


    Table 3:Pumping test conducted on water well for Theis solution t1 = 200 min.


    
      
        	
          Time since pumping stopped t’ (min)

        

        	
          Residual drawdown s’ (m)

        

        	
          Time since pumping started t = t1 + t’ (min)

        

        	
          Ratio t/t’

        
      


      
        	
          2

        

        	
          0.826

        

        	
          101

        

        	
          202

        
      


      
        	
          3

        

        	
          0.664
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          203

        
      


      
        	
          5
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          205

        
      


      
        	
          10
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          210
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      Figure 7:Drawdown-time semi-log plot.

    


    From the recovery plot, Δs’ = 0.41 m per log-cycle of t/t’ and [image: art] or = 1.284 × 106 1 pd / m, and S can be obtained from s1= 1.51 m after 200 min of pumping as:


    [image: art]


    6.SUMMARY, CONCLUSIONS AND RECOMMENDATIONS


    This study relates water flowing in porous media to hydraulic conductivity and permeability taking cognisance of the complexity of a geological formation. Darcy law is reduced to the form of Lapace equation in two-dimensional form with series of curves of drawdown-time, and drawdown-observation wells distance. Time of pumping increases with an increase in the value of the drawdown. Both the analytical and numerical methods using finite difference show that water flow from a higher gradient to a gradient concentration. Drawdown increases as the observation well distance increases. Further researches should be encouraged to undertake findings in multiphase flow through a porous media. A comprehensive study is recommended on surfaced water and groundwater flow direction relationship. Study on mechanics of groundwater flow in porous media be extended to physical behaviour of fluids flow and their interaction with solid matrix.
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