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Abstract - Tissue engineering, a burgeoning multidisciplinary field, seeks to repair or replace damaged tissues and organs by 

leveraging engineering and biological principles. Central to the advancement of this field is the ability to monitor tissue 

growth in real-time. This necessitates the use of implantable devices, such as sensors, which need to be powered. Traditional 

power sources, like batteries, could impede tissue growth and tissue damage, making Wireless Power Transfer (WPT) an 

attractive alternative. This study delves into detail the design and evaluation of coil configurations for RF wireless power 

transmission applied to tissue monitoring. Specifically, the contrast of the performance metrics between two coil designs: one 

featuring four circular coils and another blending three square coils with one circular coil. The analyses revealed that while 

both configurations experience diminished performance as the distance between transmitter and receiver increases, the 

efficiency for four circular coils at a distance of 30 mm is 25%, and for three square coils and one circular coil is 45%, and 

their efficiencies vary distinctly. Circular coils showcased higher power transfer efficiency and biocompatibility, whereas a 

combination of square and circular coils extended the transmission distance. Our findings illuminate the interplay between coil 

design and WPT performance, offering invaluable insights for developing implantable devices tailored for real-time tissue 

growth monitoring. This study propels the design endeavors in WPT and positions itself as a pivotal reference for applications 

in wound healing, organ transplantation, and drug testing. 
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1. Introduction  
Tissue engineering is a rapidly growing 

multidisciplinary field combining engineering and biology 

principles to create functional tissues or organs in the 

laboratory [1, 2]. Tissue engineering aims to repair or 

substitute damaged or unhealthy tissues or organs by 

emerging novel treatments based on regenerative medication. 

This approach includes utilising cells, signalling molecules 

and biomaterials to form living structures that can be utilized 

in various medicinal applications involving organ 

transplantation, wound healing and drug testing [3, 4]. The 

growth monitoring of the engineered tissue in real-time is 

one of the main challenges in tissue engineering. Monitoring 

tissue growth is significant for evaluating the achievement of 

optimizing the growth conditions and tissue engineering 

process [5, 6]. A few techniques have been established for 

monitoring tissue growth, including Magnetic Resonance 

Imaging (MRI), optical imaging and Positron Emission 

Tomography (PET) [7, 8]. On the other hand, these methods 

have several limitations, such as their low spatial resolution, 

the need for contrast agents or radiation exposure, and high 

cost. To overcome these limitations, the using of (WPT) for 

monitoring tissue growth is a good solution. Wireless power 

transmission can be used to power bio-implantable devices, 

such as implantable microsystems and sensors that monitor 

tissue growth, without using wires that penetrate the tissue 

and cause infections and risk or batteries with limited 

lifetime [9]. The reason for using RF wireless power 

transmission in monitoring tissue growth is based on the 

capability of RF waves to transfer energy from a transmitter 

to a receiver wirelessly [10]. Several factors impact the 

efficiency of transmitter and receiver coil design, which 

affects the efficiency and effectiveness of RF wireless power 

transmission for tissue monitoring [11, 12]. The coil's shape, 

size, geometrics and number of turns can significantly impact 

the power transfer efficiency, biocompatibility, and 

transmission distance between the coils [13]. Researchers 

have made several attempts to design Wireless Power 

Transmission (WPT) systems using magnetically coupled 

resonators, where the design includes passive elements such 
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as inductor, resistor and capacitor in each resonator. The 

receiver and load are connected in series or parallel [14]. It 

has been observed that a shorter transmission distance 

corresponds to critical coupling. Hence, multiple coils are 

used instead of two coils. As a special case, the structure of 

the three-coil design includes an additional component for 

the WPT system [15]. Laterally, an additional resonator is 

included with the transmitter or receiver and can be placed 

within the same plane as the receiver/transmitter coil [15-17]. 

Adding a coil to the transmitter will increase the input 

impedance, thus improving the overall power efficiency of 

the system. Higher transmission efficiency and lower 

sensitivity to load variation can be achieved with a three-

coils system versus a two-coils system [17]. 

The size of the coils is the main issue in the coils design, 

and it is still a challenge. To address this problem, multi-

layers of coils were done on the transmitter side. Two 

approaches were suggested for designing the multi-layers. 

Firstly, a series-connected approach's geometric design is 

used to reduce these parasitic losses [18]. The second 

approach uses the Genetic Algorithm (GA) optimization 

technique to visualize double-layer, single-layer and multi-

layer PSCs with variable width and minimal losses [19]. At 

present, recent research proposed the use of multilayer coils 

in serial connection has reported that there is a large 

inductance value in a limited area; though, there will also be 

an increase in the resistance value, which will generate heat 

as well as excessive power dissipation with respect to the 

coil, thus reducing the efficiency of wireless power 

transmission. The second approach is a parallel connection. 

Parallel connection can reduce the resistance and increase the 

Q value of the coil. This enhances the system's transmission 

efficiency. Although connecting coils in parallel enhances 

the transmission efficiency, the transmission power is still 

insufficient for long distances. The researchers designed four 

coils, two on the transmitter side as the source and 

transmitter coils and two on the receiver side as the receiver 

and load coils, to enable high transmission efficiency [20]. 

This method provides high efficiency while extending the 

transmission distance. Since the human body has limited 

space, placing multiple coils inside the human body, such as 

coronary artery sensors, is difficult. Therefore, the implanted 

coils must be very small. 

Rectangular, circular and elliptical coils are generally 

used for tissue monitoring applications and other bio-

implemented devices [21, 22]. This work will present and 

discuss a comparative study of two types of coils, circular 

and square, for tissue monitoring using RF wireless power 

transmission. The proposed coil's design and shapes will be 

investigated, as well as their effect on Power Transfer 

Efficiency (PTE), transmission distance and 

biocompatibility. The research aims to provide information 

on the effective coil design for monitoring tissues in RF 

wireless power transmission applications. 

 
Fig. 1 The four RLC circuit configuration 

 
Fig. 2 The four coils design in (a) Circular coils, (b) Square coils 

2. Methodology 
The four RLC Circuit theories were implemented to 

assess its potential for Wireless Power Transfer (WPT) 

within the realm of monitoring tissue engineering treatments. 

This application was selected for its benefits, such as 

increasing effectiveness, enhancing patient comfort and 

minimizing intervention by reducing the need for multiple 

coils implanted in the body. The four coil circuit theory 

comprises two components: the transmitter, consisting of 

three RLC circuits and the receiver, incorporating an RLC 

circuit. The transmitter section consists of three coils: a 

source coil, an intermediate coil and a load coil. The source 

coil generates the field for transmitting power, which is then 

passed through the intermediate coil before being adjusted by 

the load coil to align with the resonance of the receiver coil. 

This setup boosts energy transfer efficiency and minimizes 

power loss. In the end, a coil is designed to capture the 

magnetic field and convert it into electrical energy. This 

energy can then be used to power implanted medical devices, 

such as sensors, which can monitor tissue health during 

tissue engineering monitoring.The receiving coil, implanted 

in the human body, is circularly shaped to provide maximum 

comfort and minimize the potential for harm due to the 

absence of sharp edges. Its shape is strategically selected to 

ensure the effective reception of power and safeguard against 

any internal injuries. We designed three coils utilizing 

circular and square geometries on the transmitter side, as 

depicted in Figure 2. 

The rationale behind incorporating two distinctive 

shapes lies in our intent to scrutinize their comparative 

performance. Examining their efficiency in power 

transmission and alignment with the receiver coil aims to 

discern which geometry is most effective for this specific 

application in tissue monitoring.  
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Fig. 3 The circular and square coil's dimension 

Table 1. Parameters of coils design 
parameter Circular square coil 

Size  5cm2 5cm2 

din 22.6mm 10.06mm 

dout 54.6mm 48.06mm 

Thickness 1mm 1mm 

space 2mm 2mm 

davg 38.6mm 29.06mm 

𝟇 0.41 0.65 

Number of turns (n)  5 5 

The specific characteristics of each coil, including 

parameters such as diameter, coil thickness, coil distance, 

material, and number of turns, as shown in Figure 3, are 

detailed in Table 1. The outer diameter geometric for the 

circular coil is 54.6 mm and the inner diameter geometric is 

22.6 mm; for square coil, the outer dimeter is 48.06 mm; the 

inner diameter is 10.06 (1-3). This table provides a 

comprehensive overview of the design specifications for 

each coil used in this study, providing the groundwork for 

replicating and expanding upon this research. 

In the methodology given in this study, the operated 

frequency is 6.78 MHz ISM band to avoid tissue damage 

[22], and the supplied current is 1 mA. The copper material 

is used for both circular and square coils on the transmitter 

side. In contrast, gold makes the receiver coil compatible 

with the human body. Both coils were tested in the air 

environmental conditions. The fill factor 𝟇 is an important 

parameter in coil design. It is defined as a dimensionless 

parameter that ranges from 0 to 1 and is used to quantify how 

much of the cross-sectional area of the coil is filled with wire 

[12]. This factor is essentially impacts the inductance of the 

coil and is a critical parameter to the efficiency and 

functionality of the (WPT) system calculated from Equation 

(1) 

∅ =
𝑑𝑜𝑢𝑡−𝑑𝑖𝑛

𝑑𝑜𝑢𝑡+𝑑𝑖𝑛
                      (1) 

Hence, regarding the values given in Table 1 and 

Equation (1), the value 𝟇 = 0.421, which is considered ideal 

as it balances between the coil size, power handling 

capabilities and performance. To calculate the inductance 

values for both square and circular coil shapes, the equations 

(2) and (3) are applied respectively. The mathematical 

calculation of the models considers important parameters 

such as coil geometry, number of turns, coil material, fill 

factor and operation frequency. Therefore, this will enable a 

comprehensive understanding of the proposed coil's 

characteristics and its insinuations on the overall system's 

performance. 

𝐿 =  
𝐶1𝜇0𝑁2𝑑𝑎𝑣𝑔

2
[𝑙𝑛 (

𝐶2

𝜑
) + 𝐶3𝜑 + 𝐶4𝜑2]                       (2) 

Where L is the inductance of circular coil, C refers to the 

coefficient of the circular coil layout based on the values as 

C1 = 1.00, C2 = 2.46, C3 = 0.00, C4 = 0.20, µ0 is the 

permeability of free space (4π × 10-7 H/m), N is the number 

of turns in the coil, davg is the average coil diameter, where 

dout is the outer diameter and din is the inner diameter of the 

coil. 

𝐿 =
1.27𝜇𝑁𝑠𝑞𝑢𝑎𝑟𝑒

2 𝑑𝑎𝑣𝑔

2
[𝑙𝑛 (

2.07

∅
+ 0.18∅ + 0.13∅2)]       (3) 

Where L is the inductance of square coil, µ is the 

permeability of free space (4π × 10-7 H/m), N is the number 

of turns in the coil, davg is the average diameter of the coil, 

∅ is the fill factor, defined as a dimensionless parameter that 

ranges from 0 to 1 and is used to quantify how much of the 

cross-sectional area of the coil is filled with wire. It is 

commonly used in inductance calculations for multiple layers 

or turn coils. When applying the theory of the four RLC 

circuits to the proposed coil design, the proposed 

methodology's basic components should be considered. To 

calculate the mutual inductance between each pair of coils, 

the mutual inductance is a critical parameter in the proposed 

design of the four-circuit RLC model because it determines 

the amount to which a change in current in one circuit 

induces a voltage in another circuit. Understanding this 

relationship allows for more accurate system performance 

prediction and coil design optimisation.  

For mathematical calculations, the mutual inductance 

between each pair of circuits on the transmitting side, 

consisting of three coils, is determined. Then, the mutual 

inductance between the overall transmitter system and the 
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receiver coil is calculated. These calculations provided key 

insights into how the different parts of the system interacted 

and how effectively power could be transferred from the 

transmitter to the receiver. Equations used to calculate the 

mutual inductance, considering factors such as coil 

geometry, separation distance, and relative positioning, are 

detailed in the subsequent section of this paper. These 

equations provide a theoretical foundation crucial in 

understanding and predicting the interactions within the coil 

system. 

𝑀𝑇.𝑅 ≅
𝜇0 𝑁𝑇𝑑𝑜𝑢𝑡.𝑇

2 𝑁𝑅𝑑𝑜𝑢𝑡.𝑅
2 𝜋

2√(𝑑𝑜𝑢𝑡.𝑅
2 +𝑋2)

3
                            (4) 

Where the NT and NR are the number of turns of the 

transmitter and receiver coils. 

The calculation of mutual inductance between a square 

and a circular coil is more complex than the calculation for 

two similar shapes due to differences in their geometries. It is 

a relatively specific scenario that does not have a common, 

simple, direct formula because the magnetic field produced 

by a square coil does not couple perfectly with a circular coil 

and vice versa. Typically, one would use numerical methods 

to calculate mutual inductance between two dissimilar 

geometries, like a square and a circular coil. The most 

common method would be to break down the coils into small 

differential elements and then integrate the mutual 

inductance between these elements over the entire volume of 

the coils. Tools that use numerical methods, such as Finite 

Element Analysis (FEA) software, could help calculate the 

mutual inductance between a square and a circular coil. 

These tools numerically solve Maxwell's equations for 

complex geometries without a closed-form solution. 

It was important to determine the Power Transfer 

Efficiency (PTE) from the transmitter to the receiver for both 

coils to evaluate the performance of both proposed circular 

and square coil configurations design. n general, PTE is 

defined as the proportion of power received by the load 

compared to the power provided by the source. A formula 

that considers design factors, like power source, coil 

inductance, mutual inductance, resistance, capacitance and 

operating frequency, must be included to assess this 

efficiency. These formulas are utilized to gauge and contrast 

the efficiency of circular and square coil designs with 

precision since the resulting efficiency values establish a 

benchmark for assessing and contrasting the performance of 

the proposed designs. Furthermore, they help interpret our 

findings and contribute to our recommendations for coil 

design in applications involving tissue monitoring using RF 

Wireless Power Transmission. 
𝜂 =

𝐾12
2 𝐾23

2 𝐾34
2 𝑄1𝑄2

2𝑄3
2𝑄𝑝

(1+𝐾34
2 𝑄3𝑄𝑝+𝐾23

2 𝑄2𝑄3)(1+𝐾34
2 𝑄3𝑄𝑝+𝐾23

2 𝑄2𝑄3+𝐾12
2 𝑄1𝑄2+𝐾12

2 𝐾34
2 𝑄1𝑄2𝑄3𝑄𝑝)

×

𝑅𝑙𝑜𝑎𝑑

𝑅𝑙𝑜𝑎𝑑+𝑅4
                                                                               (5) 

In the power transfer system, η represents efficiency, 

while K12, K23 and K34 denote the coupling coefficients of 

coil pairs. Q1, Q2, Q3 and Qp stand for the quality factors of 

the coils and power transfer link. Rload signifies the load 

resistance. R4 is a parameter for resistance. The system's 

resonance frequency, which is the frequency at which the 

power transfer efficiency is maximized, is another critical 

parameter evaluated. Achieving resonance between the four 

coils - three on the transmitting side and one on the receiving 

side - is crucial for optimizing the efficiency of WPT.  

A specific equation that considers parameters such as 

inductance, mutual inductance, and capacitance is employed 

to determine the resonance frequency for the coil 

configurations. These equations, detailed in the following 

section, allowed us to model and predict the system's 

resonance frequency mathematically. Through this analytical 

process, we could ascertain the conditions under which the 

system would operate at peak efficiency. Furthermore, these 

theoretical predictions of resonance frequency were verified 

through experimental testing, allowing the accuracy of the 

mathematical models to be validated. 

Table 2. The parameter used in the design of the circuit with three 

circular coils on the transmitter side and one circular coil on the 

receiver side 
Parameter Value 

L1=L2=L3=L4 11.69 μH 

C1 47.13 PF 

C2 65.63 PF 

C3 85.06PF 

C4 25.67 PF 

Q1=Q2=Q3 132.97 

QL 0.498 

Qp 2.0154 

R1=R2=R3=R4 3.7 Ω 

Rload 1000 Ω 

f 6.78 MHz 

Table 3. The parameter used in designing the circuit with three square 

coils on the transmitter side and one circular coil on the receiver side 

Parameter Value 

L1=L2=L3 701.99 μH 

L4 11.69 μH 

C1 0.784 PF 

C2 1.093 PF 

C3 1.43PF 

C4 25.67 PF 

Q1=Q2=Q3 220.21 

QL 0.497 

Qp 2.0155 

R1=R2=R3 135.8Ω 

R4 3.7 Ω 

Rload 1000 Ω 

f 6.78MHz 
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3. Result and Discussion  
Using Equations (2) and (3), the inductance values for 

the circular and square coils were calculated. For the circular 

coil, the inductance was 11.69 μH, and for the square coil, it 

was 701.99 μH. The slightly different values indicate the 

inherent differences in the geometries of the coils. The 

parameters of the two circuit designs can be seen in Tables 2 

and 3, which are calculated based on the equations from our 

previous study.  

For the system with three circular coils on the 

transmitter side and one circular coil on the receiver side, as 

the distance between the transmitter and receiver side 

increases from 5 to 30 mm, the coupling coefficient seems to 

decrease slightly, dropping from 0.156 to 0.0209. For the 

system with three square coils on the transmitter side and one 

circular coil on the receiver side, the measurements are 

provided over distances from 5 to 30 mm. The mutual 

inductance decreases as distance increases, but the values are 

generally higher than those of the purely circular coil setup. 

The mutual inductance reduces from 0.376 to 0.036 as the 

distance goes from 5 to 30 mm, as shown in Figure 4. 

The system with three square coils and one circular coil 

consistently demonstrates higher coupling values than the 

all-circular coil system over comparable distances. This 

suggests that the square coil configuration might more 

effectively transfer power to a circular receiver coil under 

these specific conditions. The design characteristics and 

orientation of square coils might produce a more 

concentrated or consistent magnetic field, which enhances 

the coupling with the circular receiver coil. The geometry of 

the transmitter and receiver coils and the distance between 

them greatly affect the efficiency.  

For the four-circle coils, the relationship is inverse 

between distance and efficiency, with the efficiency 

decreasing abruptly with increasing distance. For example, at 

a distance of 5 cm between the transmitter and receiver coils, 

the efficiency is comparatively high at 74.77%, but it drops 

to 5.06% at a distance of 30 cm. The average efficiency of 

this design is 32.93%, with a standard deviation of 27.70%, 

indicating a large variation. The 95% confidence interval for 

the average efficiency ranges from 3.86% to 62.00%, 

reflecting the rapid decline in performance over distance. 

In contrast, the design of three square coils as transmitter 

and one circular coil as receiver shows superior efficiency 

over different distances. For example, at 5 cm, it achieves an 

efficiency of 96.30%, which remains relatively high even at 

15 cm to achieve an efficiency of (80.98%) and drops to 

16.58% at 30 cm. This design has an average efficiency of 

63.16%, with a standard deviation of 32.10%, showing a 

large variation but better performance than the circular coil 

design. The 95% confidence interval for the efficiency of this 

design ranges from 29.47% to 96.84%, confirming its 

superior efficiency over a different range of distances. 

 
Fig. 4 The relation between the coupling coefficient and distance for two 

circuit design 

 
Fig. 5 The relation between the efficiency and coupling coefficient for 

both circuit design 

While the coupling coefficient does decrease with 

distance in both configurations, it is notable that the rate of 

decline is not rapid. This implies that coil placement might 

be flexible without substantially compromising efficiency, 

which is valuable information for practical applications, 

especially in tissue engineering treatment monitoring. The 

mixed geometry of square and circular coils offers particular 

advantages in mutual inductance over the all-circular setup. 

This can be leveraged in designing more efficient power 

transfer systems, as shown in Figure 5, especially when 

balancing other factors like patient comfort and safety. 

For four circular coils designed at a distance of 5 mm, 

the efficiency is at its highest, with a value of 74.77%. The 

efficiency steadily drops as the distance between the 

transmitter and receiver increases. It is noted that when the 

distance reaches to 30 units, the efficiency has radically 

decreased to 5.06%. Figure 6 shows the magnetic field 

distribution, a critical aspect of this study on RF wireless 

power transmission and tissue monitoring. The figure 
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observes that circular and square coil designs generate 

different magnetic field patterns.  

 
Fig. 6. shows the magnetic field distribution in (a) Four circular coils, 

(b) Three Square coils and one circular coil. 

The circular coil generates a well-defined and 

concentrated magnetic field around its core, with field lines 

extending outward from the coil. This firm, focused magnetic 

field is important for efficient energy transfer to the target 

tissue. On the other hand, the square coil exhibits a different 

magnetic field pattern, with field lines forming a distinct 

square shape. The square coil's magnetic field distribution is 

characterized by symmetry and evenness. These results show 

the importance of coil geometry in shaping the magnetic 

field and its penetration depth into the tissue layers. The 

choice between circular and square coils should be selected 

based on the specific requirements of tissue monitoring 

applications, considering the distinct field patterns generated 

by each coil type. 

The Four Circular Coils configuration results clearly 

indicate a rapidly diminishing efficiency with increasing 

distance. This suggests that for applications using this 

design, keeping the transmitter and receiver as close as 

possible is essential to maintain optimal performance. Such a 

design could be suitable for applications where the distance 

between the coils remains relatively small, such as in specific 

medical implant scenarios. For three Square and One 

Circular Coil, at a distance of 5 mm, the coupling coefficient 

is impressively high at 96.30%. A similar trend is observed 

in this configuration as with the four circular coils: as the 

distance increases, the coupling coefficient decreases. By 30 

mm, it has significantly reduced to 16.58%. 

The coupling coefficient is an essential parameter as it 

reflects the efficiency with which energy is transferred 

between the coils. A high coupling coefficient suggests 

efficient energy transfer. However, the sharp decline in the 

coupling coefficient with increased distance between the 

transmitter and the receiver suggests that this coil 

combination, like the four circular coils, is more suitable for 

applications with minimal separation between the coils. Both 

configurations exhibit a decline in performance (efficiency or 

coupling coefficient) with increased distance between the 

transmitter and receiver. However, the rate of decline seems 

steeper for the four circular coil configurations when 

considering efficiency. The three square and one circular coil 

configuration starts with a very high coupling coefficient at 

short distances, indicating a potentially stronger initial 

magnetic field interaction than the four circular coil 

configurations.  

However, it is crucial to note that while coupling 

coefficient and efficiency are related, they are not directly 

comparable. Compared to state-of-the-art techniques, this 

coil design, particularly the hybrid configuration of three 

square and one circular coil, achieved superior performance 

in short- and mid-range wireless power transfer applications. 

The combination of optimized geometry, alignment 

resilience, high-frequency operation, and material selection 

enhanced efficiency and demonstrated robust performance 

under real-world conditions. The results of tissue engineering 

treatment monitoring suggest that one might achieve better 

power transfer (and hence, device performance) using a 

system with three square coils and one circular coil. 

However, patient comfort, device implantation procedure, 

and safety might influence the final choice of coil geometry. 

4. Conclusion  
This paper extensively investigates the performance 

metrics of two distinct coil configurations used for Wireless 

Power Transfer (WPT) – one with four circular coils and 

another with three square coils combined with one circular 

coil. The primary performance indicators under scrutiny were 

efficiency and the coupling coefficient. A fundamental 

observation from this study is that as the distance between 

the transmitter and receiver increased, there was a discernible 

drop in performance for both configurations. The decline in 

efficiency was notable for the four circular coil 

configurations, beginning at 74.77% at a 5 mm distance and 

plummeting to 5.06% at a 30 mm distance. Similarly, while 

exhibiting a robust coupling coefficient of 96.30% at a 5 mm 

distance, the three square and one circular coil setup 

witnessed a considerable reduction to 16.58% at a distance of 

30 mm.  

These observations underscore the proximity between 

coils in WPT applications, especially when high efficiency or 

coupling is critical. The study also brought to light the 

relative strengths of the configurations. The three square and 

one circular coil setup demonstrated superior initial 

performance at shorter distances, suggesting its potential 

advantage in applications demanding robust wireless power 

transfer over minimal distances.  

The findings from this study serve as a pivotal guide for 

engineers and researchers in the realm of WPT. Deciding on 

the optimal coil configuration hinges on the specific 
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demands of the intended application. As WPT continues to 

be an area of intense research and application, especially in 

fields like medical implants and tissue engineering treatment 

monitoring, understanding the nuances of coil design and 

arrangement will be crucial. Future research could delve 

deeper into coil shape variations, sizes, materials, and 

orientations to discern their impact on efficiency and 

coupling coefficient. This will pave the way for even more 

optimized and efficient WPT systems tailored for a plethora 

of applications. 

Conflicts of Interest  
The authors declare that they have no conflicts of 

interest.

References 
[1] Janine N. Post et al., “Implementing Computational Modeling in Tissue Engineering: Where Disciplines Meet,” Tissue Engineering 

Part A, vol. 28, no. 11-12, pp. 542-554, 2022. [CrossRef] [Google Scholar] [Publisher Link] 

[2] Joseph P. Vacanti, and Robert Langer, “Tissue Engineering: The Design and Fabrication of Living Replacement Devices for Surgical 

Reconstruction and Transplantation,” The lancet, vol. 354, pp. S32-S34, 1999. [Google Scholar] [Publisher Link] 

[3] Zeming Gu et al., “Development Of 3D Bioprinting: From Printing Methods to Biomedical Applications,” Asian Journal of 

Pharmaceutical Sciences, vol. 15, no. 5, pp. 529-557, 2020. [CrossRef] [Google Scholar] [Publisher Link] 

[4] Justine R. Yu et al., “Current and Future Perspectives on Skin Tissue Engineering: Key Features of Biomedical Research, Translational 

Assessment, and Clinical Application,” Advanced Healthcare Materials, vol. 8, no. 5, 2019. [CrossRef] [Google Scholar] [Publisher 

Link] 

[5] Maurice N. Collins et al., “Scaffold Fabrication Technologies and Structure/Function Properties in Bone Tissue Engineering,” Advanced 

Functional Materials, vol. 31, no. 21, 2021. [CrossRef] [Google Scholar] [Publisher Link] 

[6] Kang Kim, and William R. Wagner, “Non-Invasive and Non-Destructive Characterization of Tissue Engineered Constructs Using 

Ultrasound Imaging Technologies: A Review,” Annals of Biomedical Engineering, vol. 44, pp. 621-635, 2016. [CrossRef] [Google 

Scholar] [Publisher Link] 

[7] Saumya Prasad et al., “Optical and Magnetic Resonance Imaging Approaches for Investigating the Tumour Microenvironment: State-

Of-The-Art Review and Future Trends,” Nanotechnology, vol. 32, no. 6, 2020. [CrossRef] [Google Scholar] [Publisher Link] 

[8] Yoshiharu Ohno et al., “Magnetic Resonance Imaging (MRI) and Positron Emission Tomography (PET)/MRI for Lung Cancer 

Staging,” Journal of Thoracic Imaging, vol. 31, no. 4, pp. 215-227, 2016. [CrossRef] [Google Scholar] [Publisher Link] 

[9] Fatima T Alrashdan et al, “Wearable Wireless Power Systems for ‘ME-BIT’magnetoelectric-Powered Bio Implants,” Journal of Neural 

Engineering, vol. 18, no. 4, 2021. [CrossRef] [Google Scholar] [Publisher Link] 

[10] Jungang Zhang et al., “Battery‐Free and Wireless Technologies for Cardiovascular Implantable Medical Devices,” Advanced Materials 

Technologies, vol. 7, no. 6, 2022. [CrossRef] [Google Scholar] [Publisher Link] 

[11] Prasad Jayathurathnage, Yining Liu, and Jorma Kyyrä, “Self-Decoupled and Integrated Coils for Modular Multitransmitter Wireless 

Power Transfer Systems,” IEEE Transactions on Power Electronics, vol. 37, no. 11, pp. 12962-12967, 2022. [CrossRef] [Google 

Scholar] [Publisher Link] 

[12] Amjad Iqbal et al., “Wireless Power Transfer System for Deep-Implanted Biomedical Devices,” Scientific Reports, vol. 12, pp. 1-13, 

2022. [CrossRef] [Google Scholar] [Publisher Link]  

[13] D. B. Ahire, Vitthal J. Gond, and Jayant J. Chopade, “Geometrical Parameter Optimization of Planner Square-Shaped Printed Spiral 

Coil for Efficient Wireless Power Transfer System to Biomedical Implant Application,” e-Prime-Advances in Electrical Engineering, 

Electronics and Energy, vol. 2, 2022. [CrossRef] [Google Scholar] [Publisher Link] 

[14] Mohamad Abou Houran, Xu Yang, and Wenjie Chen, “Magnetically Coupled Resonance WPT: Review of Compensation Topologies, 

Resonator Structures with Misalignment, and EMI Diagnostics,” Electronics, vol. 7, no. 11, pp. 1-45, 2018. [CrossRef] [Google 

Scholar] [Publisher Link] 

[15] Dong-Wook Seo, “Comparative Analysis of Two-And Three-Coil WPT Systems Based on Transmission Efficiency,” IEEE Access, vol. 

7, pp. 151962-151970, 2019. [CrossRef] [Google Scholar] [Publisher Link] 

[16] Seok Hyon Kang et al., “Magnetic Resonant Three-Coil WPT System Between Off/In-Body for Remote Energy Harvest,” IEEE 

Microwave and Wireless Components Letters, vol. 26, no. 9, pp. 741-743, 2016. [CrossRef] [Google Scholar] [Publisher Link] 

[17] Paulo J. Abatti et al., “Analysis and Optimisation of Three-Coil Wireless Power Transfer Systems,” IET Power Electronics, vol. 11, no. 

1, pp. 68-72, 2018. [CrossRef] [Google Scholar] [Publisher Link] 

[18] Ehsan Ashoori et al., “Design of Double Layer Printed Spiral Coils for Wirelessly-Powered Biomedical Implants,” Annual International 

Conference of the IEEE Engineering in Medicine and Biology Society, Boston, MA, USA, pp. 2882-2885, 2011. [CrossRef] [Google 

Scholar] [Publisher Link] 

[19] Xin Wang et al., “Design of Double-Layer Parallel Printed Spiral Coil for Wireless Power Transfer Applied to Rotating Equipment,” 

Sensors and Actuators A: Physical, vol. 331, 2021. [CrossRef] [Google Scholar] [Publisher Link] 

 

https://doi.org/10.1089/ten.tea.2021.0215
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Implementing+computational+modeling+in+tissue+engineering%3A+where+disciplines+meet&btnG=
https://www.liebertpub.com/doi/10.1089/ten.tea.2021.0215
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Tissue+engineering%3A+the+design+and+fabrication+of+living+replacement+devices+for+surgical+reconstruction+and+transplantation&btnG=
https://www.thelancet.com/journals/lancet/article/PIIS0140-6736(99)90247-7/fulltext
https://doi.org/10.1016/j.ajps.2019.11.003
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Development+of+3D+bioprinting%3A+From+printing+methods+to+biomedical+applications&btnG=
https://www.sciencedirect.com/science/article/pii/S1818087619311869?via%3Dihub
https://doi.org/10.1002/adhm.201801471
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Current+and+future+perspectives+on+skin+tissue+engineering%3A+key+features+of+biomedical+research%2C+translational+assessment%2C+and+clinical+application&btnG=
https://onlinelibrary.wiley.com/doi/10.1002/adhm.201801471
https://onlinelibrary.wiley.com/doi/10.1002/adhm.201801471
https://doi.org/10.1002/adfm.202010609
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Scaffold+fabrication+technologies+and+structure%2Ffunction+properties+in+bone+tissue+engineering&btnG=
https://onlinelibrary.wiley.com/doi/10.1002/adfm.202010609
https://doi.org/10.1007/s10439-015-1495-0
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Non-invasive+and+non-destructive+characterization+of+tissue+engineered+constructs+using+ultrasound+imaging+technologies%3A+a+review&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Non-invasive+and+non-destructive+characterization+of+tissue+engineered+constructs+using+ultrasound+imaging+technologies%3A+a+review&btnG=
https://link.springer.com/article/10.1007/s10439-015-1495-0
https://doi.org/10.1088/1361-6528/abc208
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Optical+and+magnetic+resonance+imaging+approaches+for+investigating+the+tumour+microenvironment%3A+state-of-the-art+review+and+future+trends&btnG=
https://iopscience.iop.org/article/10.1088/1361-6528/abc208
https://doi.org/10.1097/RTI.0000000000000210
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Magnetic+resonance+imaging+%28MRI%29+and+positron+emission+tomography+%28PET%29%2FMRI+for+lung+cancer+staging&btnG=
https://journals.lww.com/thoracicimaging/abstract/2016/07000/magnetic_resonance_imaging__mri__and_positron.4.aspx
https://doi.org/10.1088/1741-2552/ac1178
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Wearable+wireless+power+systems+for+%E2%80%98ME-BIT%E2%80%99magnetoelectric-powered+bio+implants&btnG=
https://iopscience.iop.org/article/10.1088/1741-2552/ac1178
https://doi.org/10.1002/admt.202101086
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Battery%E2%80%90Free+and+Wireless+Technologies+for+Cardiovascular+Implantable+Medical+Devices&btnG=
https://onlinelibrary.wiley.com/doi/10.1002/admt.202101086
https://doi.org/10.1109/TPEL.2022.3181508
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Self-Decoupled+and+Integrated+Coils+for+Modular+Multitransmitter+Wireless+Power+Transfer+Systems&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Self-Decoupled+and+Integrated+Coils+for+Modular+Multitransmitter+Wireless+Power+Transfer+Systems&btnG=
https://ieeexplore.ieee.org/document/9793577
https://doi.org/10.1038/s41598-022-18000-6
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Wireless+power+transfer+system+for+deep-implanted+biomedical+devices&btnG=
https://www.nature.com/articles/s41598-022-18000-6
https://doi.org/10.1016/j.prime.2022.100045
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Geometrical+parameter+optimization+of+planner+square-shaped+printed+spiral+coil+for+efficient+wireless+power+transfer+system+to+biomedical+implant+application&btnG=
https://www.sciencedirect.com/science/article/pii/S2772671122000183?via%3Dihub
https://doi.org/10.3390/electronics7110296
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Magnetically+coupled+resonance+WPT%3A+Review+of+compensation+topologies%2C+resonator+structures+with+misalignment%2C+and+EMI+diagnostics&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Magnetically+coupled+resonance+WPT%3A+Review+of+compensation+topologies%2C+resonator+structures+with+misalignment%2C+and+EMI+diagnostics&btnG=
https://www.mdpi.com/2079-9292/7/11/296
https://doi.org/10.1109/ACCESS.2019.2947093
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Comparative+analysis+of+two-and+three-coil+WPT+systems+based+on+transmission+efficiency&btnG=
https://ieeexplore.ieee.org/document/8866730
https://doi.org/10.1109/LMWC.2016.2597194
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Magnetic+resonant+three-coil+WPT+system+between+off%2Fin-body+for+remote+energy+harvest&btnG=
https://ieeexplore.ieee.org/document/7547938
https://doi.org/10.1049/iet-pel.2016.0492
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Analysis+and+optimisation+of+three-coil+wireless+power+transfer+systems&btnG=
https://ietresearch.onlinelibrary.wiley.com/doi/10.1049/iet-pel.2016.0492
https://doi.org/10.1109/IEMBS.2011.6090795
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Design+of+double+layer+printed+spiral+coils+for+wirelessly-powered+biomedical+implants&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Design+of+double+layer+printed+spiral+coils+for+wirelessly-powered+biomedical+implants&btnG=
https://ieeexplore.ieee.org/document/6090795
https://doi.org/10.1016/j.sna.2021.112761
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Design+of+double-layer+parallel+printed+spiral+coil+for+wireless+power+transfer+applied+to+rotating+equipment&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0924424721002247?via%3Dihub


Saad Mutashar & Mokhalad Alghrairi / IJETT, 72(12), 227-234, 2024  

 

234 

[20] Sadeque Reza Khan, and GoangSeog Choi, “Analysis and Optimization of Four-Coil Planar Magnetically Coupled Printed Spiral 

Resonators,” Sensors, vol. 16, no. 8, pp. 1-24, 2016. [CrossRef] [Google Scholar] [Publisher Link] 

[21] Amritansh Sagar et al., “A Comprehensive Review of The Recent Development of Wireless Power Transfer Technologies for Electric 

Vehicle Charging Systems,” IEEE Access, vol. 11, pp. 83703-83751, 2023. [CrossRef] [Google Scholar] [Publisher Link] 

[22] Zhen Zhang et al., “Wireless Power Transfer-An Overview,” IEEE Transactions on Industrial Electronics, vol. 66, no. 2, pp. 1044-

1058, 2018. [CrossRef] [Google Scholar] [Publisher Link] 

https://doi.org/10.3390/s16081219
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Analysis+and+optimization+of+four-coil+planar+magnetically+coupled+printed+spiral+resonators&btnG=
https://www.mdpi.com/1424-8220/16/8/1219
https://doi.org/10.1109/ACCESS.2023.3300475
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=A+comprehensive+review+of+the+recent+development+of+wireless+power+transfer+technologies+for+electric+vehicle+charging+systems&btnG=
https://ieeexplore.ieee.org/document/10198186
https://doi.org/10.1109/TIE.2018.2835378
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Wireless+power+transfer%E2%80%94An+overview&btnG=
https://ieeexplore.ieee.org/document/8357386

