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Abstract

:

Biomedical sensors help patients monitor their health conditions and receive assistance anywhere and at any time. However, the limited battery capacity of medical devices limits their functionality. One advantageous method to tackle this limited-capacity issue is to employ the wireless power transfer (WPT) technique. In this paper, a WPT technique using a magnetic resonance coupling (MRC-WPT)-based wireless heart rate (WHR) monitoring system—which continuously records the heart rate of patients—has been designed, and its efficiency is confirmed through real-time implementation. The MRC-WPT involves three main units: the transmitter, receiver, and observing units. In this research, a new design of spiral-spider coil was designed and implemented for transmitter and receiver units, respectively, to supply the measurement unit, which includes a heart rate sensor, microcontroller, and wireless protocol (nRF24L01) with the operating voltage. The experimental results found that an adequate voltage of 5 V was achieved by the power component to operate the measurement unit at a 20 cm air gap between the receiver and transmitter coils. Further, the measurement accuracy of the WHR was 99.65% comparative to the benchmark (BM) instrument. Moreover, the measurements of the WHR were validated based on statistical analyses. The results of this study are superior to those of leading works in terms of measurement accuracy, power transfer, and Transfer efficiency.
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1. Introduction


With developments in the manufacturing of small portable medical devices, it has become necessary to create alternative energy sources to replace conventional energy sources such as fossil fuels and batteries. Alternative energy sources include wireless power transfer (WPT), piezoelectric cells, solar cells, and ultrasonic sensors that can be used in medical applications [1,2]. One of the most important energy sources is WPT. WPT can be used to transmit energy to medical devices, smart-home appliances, etc. [3,4]. Research on WPT has focused on performance in terms of efficiency and power transfer at different distances between receiver and transmitter coils. Further, its applicability to embedded medical parts and medical sensors in the field of blood-pressure monitoring, electromyography (EMG), thermometers, pacemakers (PMs), heart-rate sensors, etc., have been investigated [5,6]. The literature on the topic has shown that most methods for power transfer depend on the transfer distance, including far-field and near-field WPT. Near-field WPT can be used for small and mid-range distances, such as magnetic resonator coupling (MRC), capacitive coupling (CC), and inductive coupling (IC) [7,8,9,10,11]. Conversely, far-field WPT uses radio frequencies (RFs) to operate ultra-low-power medical sensors. Most research on IC-WPT uses it to enhance power transfer and efficiency at different air-gap distances between coils [12,13,14,15]. One study used MRC-WPT to improve the Transfer efficiency for small household appliances and implanted devices [16].



The coupling factor in WPT technique-based medical devices can be controlled through specific schemes, such as zero voltage switching (ZVS), as presented in [17]. In [18], the WPT system was implemented in an implanted device for pigs. The distance between the coils of the receiver and transmitter could be increased with suitable transfer powers. In [19], the author used an MRC for an implantable medical unit to recharge a battery with a distance between the receiver and transmitter coils. In [20], a researcher used an MRC for the implanted medical system to charge the battery through an air gap and receive the battery state using the ZigBee protocol. Another study used WPT to operate a temperature sensor implanted inside a rabbit’s body [21]. Other authors have used WPT with MRC to enhance power transfer and efficiency at different air-gap distances between coils to supply medical devices. In addition, studies [22,23,24,25] have used statistical analyses to calculate the accuracy of measuring biomedical parameters, such as temperature and heart rate. The contributions of this study are as follows.




	
MRC-WPT system was practically implemented to provide sufficient power for heart-rate measurements in humans;



	
The accuracy of patients’ heart-rate measurements was validated relative to the benchmark (BM) device;



	
Power transfer and efficiency were investigated for the proposed MRC-WPT system;



	
The functionalities of the heart-rate measurement device were achieved based on MRC-WPT;



	
The heart-rate measurement accuracy, and Transfer efficiency, and power transfer of the MRC-WPT are compared to those reported in related works to confirm its achievement.








The remainder of the paper is structured as follows. Previous studies related to the performance metrics of power transfer and efficiency are described in Section 2. Section 3 presents the design of the MRC-WPT and explains the experimental configuration of the MRC-WPT technique. In addition, the Transfer efficiency, power transfer, and statistical analyses are provided and discussed in this section. The results and discussion are presented in Section 4. The results of the MRC-WPT system were compared with previous work in terms of relevant parameters in Section 5. Finally, conclusions and future recommendations are introduced in Section 6.




2. Related Works


Recently, scholars have considered using WPT in electronics and different medical applications. Xing et al. [11] designed and executed a WPT method utilizing IC for implantable medical equipment such as retinal prostheses and neural recordings without the use of a battery. The functioning frequency of the oscillator was 13.56 MHz. The system comprises a receiving coil, transmitting coil, rectifier, and resistive load. Practical results illustrated that the power transfer during loading was 102 mW. In addition, the maximum transfer power efficiency was 92.6% at an air gap of 1 cm. The main advantages of the proposed technique were low cost; however, the transfer distance was short. Jiang et al. [16] implemented WPT employing an MRC to enhance the transfer power efficiency between coils for small household appliances and implanted devices with a 6.78 MHz operating frequency. The system included a power source and coils in the receiver and transmitter. Practical outcomes showed that the power transfer was 0.001 W when using RL = 50 Ω at a 4 cm distance. Once again, the main advantage of the system was low cost; however, the system was prohibitively large.



Mohamadi et al. [17] executed WPT utilizing MRC to recharge a battery for implanted medical devices, e.g., artificial hearts, monitoring devices, left-ventricular assistance devices, and drug infusion. The system included ZVS, a transmitter coil, a control switch, a receiver coil, a resonator capacitor, and an advanced RISC AVR microcontroller. The operating frequency was controllable to study transfer power. The results showed that power in the receiver coil decreased at large transfer distances. The output power during loading was 1.5 W. The system had a long duty cycle for the battery and improved Transfer efficiency. However, it was large in size and required simulation using the Proteus software. Zhang et al. [18] designed a WPT technique employing MRC for implantable devices and medical sensors. The WPT technique included a power source, coils in the receiver and transmitter, and a load; 7 MHz was the operating frequency for the system, which was implemented on pigs. The proposed system was implanted 3.5 cm under pigskin. Then, the Transfer efficiency was found to be 22.3% at 9 cm. In addition, the measurement accuracy was 70%. This system may work well over short distances; however, it was large, unstable, and suffered from power leakage.



Campi et al. [19] suggested a WPT system employing MRC to recharge batteries for an implantable medical gadget, such as an LVAD; 300 kHz was the operating frequency for the system, which included transmitting and receiving coils. The results indicated that the transfer power efficiency was 47% and 7% at 3 and 6 cm, respectively. In addition, the measurement accuracy was 55%. The advantage of this system was that it was portable. However, it only worked over a short distance. Gore et al. [20] implemented WPT by using MRC to recharge a battery for operation in implantable medical devices such as PMs; 300 kHz and 13.56 MHz were operating frequencies for the system. The system included coils in the transmitter and receiver, a bridge rectifier, a microcontroller based on the 16F877A chip, the ZigBee communication model, an LCD, and a battery. The results showed that, when the battery was fully charged, ZigBee sent the battery condition to the power transmitter and the relay turns off WPT. The system then displays the battery voltage on the LCD. The utmost transfer voltage of the proposed system did not exceed 11 V at an air gap of 15 cm. In addition, the measurement accuracy was 95%. The main advantage of this device was that it was wearable and safe.



Hussain et al. [21] presented a WPT system for medically implanted devices such as temperature sensors; 67 kHz was the working frequency of the proposed technique. The proposed technique comprised a power source, coils in the receiver and transmitter, a rectifier, and the load. The load included a temperature sensor, nRF24L01 module, and Arduino microcontroller. The experiment was conducted on rabbits. The results revealed that the power transfer and transfer power efficiency were 1 W and 15% at 1 cm, respectively. In addition, the measurement accuracy was 96%. The advantage of the system was that it could operate without a battery. However, the system worked only over a short distance. Zhang et al. [22] presented a WPT system that relied on MRC to study the power transfer and efficiency in the air gap using a spiral coil. The system comprised a power source and coils in the source and load. The experimental results revealed that the voltage increased with mutual inductance. In addition, the power transfer and efficiency were 14 W and 67% in a 4-cm distance, respectively. Moreover, the measurement accuracy was variable based on mutual inductances about 88% in a 4-cm air gap. The advantage of this system was that it could be used in medical equipment. However, it suffered from coupling losses and did not implement statistical analyses.



Campi et al. [24] executed WPT-based MRC in functional medical gadgets; the functioning frequency for the MRC technique was 4 MHz. The MRC technique included a coil in the transmitter, destination and load. The outcomes showed that the transfer voltage, power, and efficiency in the Rx coil were 4 V, 10 mW, and 1%, respectively, at 3 cm. In addition, the measurement accuracy was 94%. The main advantage of this technique was its low cost. However, it could only operate at a short distance. Zakaria et al. [25] presented a WPT-based MRC technique for smart-home applications and medical systems; the working frequency for the MRC was 30–81 MHz. The MRC system included coils in the receiver and transmitter, a bridge, and a load. Two techniques were investigated in the experiment; the results showed that the power Transfer efficiency was 21.74% and 14.76% at 5 cm in case 1 and case 2, respectively. In addition, the measurement accuracy was 70%. This system was low in cost but large in size. Pavani et al. [23] implemented WPT using MRC to develop the power Transfer efficiency between coils for small household appliances and implanted devices; 300 kHz was the operating frequency for the system. The system included a power source and coils in the receiver and transmitter. The practical outcomes showed that the power Transfer efficiency was 0.75% when using a 20 Ω resistive load (RL) with mutual inductances of 5.5 μH at 4 cm. Besides, the accuracy of the measurements was 94%. Again, this system was low in cost but large in size. The performance metrics for certain WPT systems are summarized in Table 1 in terms of their objective, operating frequency, application, measurement accuracy, transfer distance, efficiency, and power.




3. Research Methodology


Due to the problem of limited battery capacity of medical devices limiting their functionality, the materials and methods presented in this work aim to design and implement an MRC-WPT-based WHR measurement system to solve the current problem in such systems. The proposed MRC-WPT can be practically implemented and tested by adopting four coils topologies to select the best topology that can give higher performance in terms of power transfer and efficiency. In addition, the functionalities of the WHR measurement can be achieved using MRC-WPT in which the MRC-WPT can provide sufficient power for the WHR measurements unit. The measurements accuracy of the WHR can be verified relative to the BM device (HANSA) (HANSA Medical Germany, Frankfurt, Germany). The aforementioned materials and methods can be performed by adopting the following.



First, the designed parameters and equivalent circuit of spiral-spider coil were introduced. Four types of coils topologies; spiral-spiral, spider-spider, spider-spiral, and spiral-spider were designed to select the best topology that can give higher performance in terms of power transfer and efficiency. In addition, the equivalent circuit of the wireless power transfer system was described.



Second, simple mathematical models for output power in watt and efficiency in percentage were presented to evaluate the transfer performance of the MRC-WPT.



Third, the MRC-WPT model for powering the WHR monitoring system was presented. The MRC-WPT contains three units: a transmitter, receiver, and monitoring unit. The receiver unit is in charge of powering the WHR sensor.



Fourth, after completing the circuit design, four experiments were configured and conducted to test the performance of the spiral and spider coil using four topologies. The experimental protocol and test parameters adopted in experiments were described in detail. One topology can be adopted for supplying the WHR sensor by power according to the best performance of power transfer and efficiency. The structure of the methodology is presented in Section 3.1, Section 3.2, Section 3.3, Section 3.4, Section 3.5 and Section 3.6 as follows.



Fifth, analysis and validation of the WHR measurement were presented based on collected data from both proposed WHR and BM systems. In both systems, 100 samples (one sample every minute) were gathered simultaneously to facilitate the comparison between the two systems.



Finally, the measurement accuracy of WHR was evaluated relative to the BM device using a simple mathematical formula.



3.1. Coils Design


In this paper, we wrapped two coils separately on the wooden base, relying on hand skill to construct spiral and spider coils. The coils were looped around a screw fixed on a wooden base. The coils were then bonded employing glue. Based on these two coils, four topologies were experimentally tested for the transmitter and receiver coils, as shown in Figure 1. To investigate the performance of the proposed topologies (i.e., spiral-spiral, spider-spider, spider-spiral, and spiral-spider) at 50 Ω resistive load, the output power, Transfer efficiency, output voltage (load voltage), and output current (load current) can be extracted and compared later on in the result section. In this research, the spider coil was designed by using 150 turns while the spiral coil employed 91 turns. However, a trade-off between cost and performance in terms of power transfer and efficiency was taken into consideration when designing coils. Therefore, spiral-spider coils topology was selected due it conveying higher transfer power and efficiency than other topologies. In addition, spiral and spider coils are similar to the circular coil shape where their mutual inductances are higher than that of the square coil because they have a bigger overlapping area [26]. Accordingly, the spiral and spider coils were adopted, and the square coil design was excluded from the current research.



The spiral and spider coils parameters are presented in Table 2. The oscillator in the transmitter unit generates a frequency of 13.5 kHz, and the inductance of the spiral and spider coils are 695 and 720 µH. Therefore, the resonance capacitors can be connected in parallel with the coils, can be computed based on Equation (1) to transfer maximum power from the transmitter coil to the receiver coil at resonant frequency (f0).


   f 0  =  1  2 π    L T   C T      =  1  2 π    L R   C R       



(1)




where LT and CT and LR and CR are the coil inductance and resonance capacitors of the spiral and spider coils, respectively.



Accordingly, the resonance capacitors are 200 and 190 nF for CT and CR, as listed in Table 2, respectively. The equivalent circuit of the wireless power transfer system is shown in Figure 2.




3.2. Performance of Transfer Power and Efficiency


Battery-charging systems based on the WPT technique should be effective regarding power Transfer efficiency and output power [27]. Therefore, it is important to examine the efficiency and power transfer of the proposed MRC-WPT-based WHR monitoring system. The output power was computed using Equation (2) [21], while the efficiency was calculated using Equation (3) [1,21].


  O u t p u t   p o w e r = v o l t a g e × c u r r e n t  



(2)






   T r a n s f e r       e f f i c i e n c y    ( η ) % =   o u t p u t   p o w e r   i u t p u t   p o w e r   × 100 %  



(3)




where the voltage and current in Equation (2) are the load voltage and load current, respectively.




3.3. System Model


The schematic diagram of the MRC-WPT-based heart-rate monitoring system is shown in Figure 3. The MRC-WPT contains three units: a transmitter, receiver, and observing unit. The transmitter units consist of a power part, oscillator circuit, and source coil (Txc), which is a spiral. The receiver unit consists of two components, the power and measurement components. The power component contains the receiver coil (Rxc), which is a spider coil; resonant capacitor; and bridge rectifier. The measurement component comprises a microcontroller-based Arduino Nano platform, a heart-rate sensor, and a wireless communication based-nRF24L01 chip. The measurement component measures the heart rate of the patient and transmits the data to a monitoring unit (which includes the Arduino Mega-2560 platform, nRF24L01, and computer), to be monitored using a laptop in real-time.



The MRC theory is constructed on the air gap between the transmitter and receiver coils. The resonator capacitors in the transmitter and receiver units are coupled in parallel with the LT and LR coils, respectively. The parallel-to-parallel compensation topology was chosen due to (i) facilitating higher power transfer between the two coils [28,29], (ii) it has a better performance than series-to-series topology in low power applications [30], where the proposed WHR consumes low power (≈0.166 W) and (iii) the ZVS oscillator (Xiongfaic Weiye Electronics Co., Ltd., Shenzhen, China) existing in our lab is restricted to the parallel topology and low oscillator frequency. The low frequency is suitable for using with parallel resonator topology, where the parasitic losses are reduced, while the series topology is more suitable for employing with high frequency [31].



The rectifier uses a Schottky diode (module SR260) (Won-Top Electronics Co., Ltd., Kaohsiung City, Taiwan) to adapt AC to DC [32], because these diodes have a low voltage drop, approximately 0.18 V, to guarantee that most of the voltage is conveyed to the load. The measurement part in the receiver unit measures the patient’s heart rate and transmits the data to the monitoring unit via the nRF24L01 (Kuongshun Electronic Ltd., Shenzhen, China). The power source supplied adequate power to operate the measurement component, which depended on a microcontroller (Arduino Nano) (Arduino, Italy) to supply a sensor and nRF24L01 with the operating voltage. The laptop in the monitoring unit is used to deliver the power to the microcontroller (Arduino Mega 2560) (Arduino, Italy), as well as surveillance the heart rate of the patient. Then, the microcontroller supplied the nRF24L01 with a sufficient operating voltage of 3.3 V. The nRF24L01 wireless module then received the heart rate data from the measurement component. Next, it sent the data to the Mega 2560 microcontroller to be displayed on the monitor of the laptop.




3.4. Experiment Configuration


In this experiment, two types of coils were used: spiral and spider coils. Four experiments were conducted for four topologies (spiral-spiral, spider-spider, spider-spiral, and spiral-spider) to test the performance of the coils. One topology can be considered for supplying the WHR sensor by power according to the best performance. The experiment depicted in Figure 4a was conducted to examine the performance of the MRC-WPT-based WHR monitoring system regarding power transfer, power Transfer efficiency, the air gap between coils, DC output voltage, and WHR measurement accuracy. The oscillator model (ZVS) in the transmitter unit functions at a frequency of 13.5 kHz. Based on this frequency, the coil in the transmitter unit produces an electromagnetic field which causes an induced current in the receiver coil. In this context, the power is transferred from the transmitter coil to the receiver coil, which in turn, can supply the measurement component by power. This MRC-WPT-based WHR measurement was used on a medical device to send heartbeat information to the central station or monitoring unit employing the nRF24L01 wireless protocol. The Arduino Nano was utilized in the measurement component owing to its small size and low cost [33].



The nRF24L01 wireless protocol was employed in the transmitter and monitoring units owing to its ultra-low power, cost-effectiveness, low weight, suitable transmission distance up to 100 m, and operation on the free-license radio frequency band of 2.4 GHz [34,35]. The nRF24L01 module has various uses, for example, wireless peripherals for computers, data transmission, wireless sensors, and ultra-low power sensor systems. The adopted heart rate sensor has a low cost, low power drain, and small size, with a diameter of 16 mm [36,37]. To minimize the power drain of the heart rate sensor, a low supply voltage was adopted (3.3 V) for its functioning. The transmitter coil was permanently kept perpendicular to the earth. Whereas the receiver coil was positioned in front of the transmitter coil with the right alignment, the highest power transfer was guaranteed. Thus, an AC voltage was produced in the receiver circuit based on the receiver coil and resonant capacitor. The DC voltage can be obtained from AC voltage using a bridge rectifier (based on Schottky-diodes), which is low in cost and small in size.



The DC output voltage of the system was measured and recorded in 1 cm horizontal steps between transmitter and receiver coils until a 25 cm distance was reached. Hence, the MRC-WPT-based WHR system was tested under alignment conditions. The misalignment conditions pose several challenges in WPT, for example, it changes the system parameters such as mutual and self-inductances, which lead to system instability, reduce transfer power and efficiency, and increase power losses owing to the detuned operation [38]. Therefore, the misalignment conditions were not considered in this study and was left for future work.



The MRC-WPT was tested at a 50 Ω resistive load. Thus, the output power and system Transfer efficiency can be computed for those distances. It was found that, at a 20 cm distance, the measurement unit can be operated accurately without any failure in the supply voltage. Therefore, the WHR component can accurately transmit data to the monitoring unit, as shown in Figure 4b. The experimental protocol and the test parameters adopted in the current experiment are illustrated in Table 3.




3.5. Analysis and Validation of Collected Data


Once the experiment setup presented in Section 3.4 is completed, the MRC-WPT starts to supply the WHR system by power. The pulse heart rate sensor connected to the patient’s finger measures and sends the heart rate measurements to the Arduino Nano microcontroller in the measurement parts. The microcontroller transmits the measured data to the monitoring unit via nRF24L01 wireless protocol. The heart rate data are received by the nRF24L01 in the monitoring unit and recorded by Arduino Mega 2560 microcontroller. To validate the measurement accuracy of the WHR system, the BM device (Figure 5) is used to facilitate a comparison between WHR and BM systems. The BM is connected to the patient’s upper arm to measure the patient’s heart rate. In both systems, the heart rate data (100 samples, one sample every minute) are collected simultaneously, as illustrated in Figure 6.



The measurements of the BM device are recorded manually due to the automatic restricted access to the data, whereas the data of the WHR system are received by the monitoring unit and analyzed using Arduino Mega 2560 microcontroller. Then, the data acquired by Arduino Mega 2560 microcontroller are sent to the laptop through a USB port at a baud rate of 115,200 bps and are documented in Parallax Microcontroller Data Acquisition (PLX-DAQ) for Excel [39]. The PLX-DAQ can plot data on the x- and y-axes in real-time. The x-axis demonstrates the number of samples of the patient’s heart rate. In contrast, the y-axis shows the heart rate measurement for the WHR and BM systems in beats per minute (bpm). The blue line denotes the heart-rate measurement obtained from the WHR system, while the red line denotes the measurement obtained from the BM device.



It is found that the heart rate measurements exhibit slight variances between the BM system and the WHR system. To check the heart rate obtained using the WHR measurement system, statistical analyses were conducted, including error tests, measurement accuracy, the Bland–Altman test, and histograms, as will be introduced later, in Section 4.2. The Bland–Altman test is a method of statistical analysis [40] commonly considered in medical statistics to indicate the possibility of similarities or differences in agreement between two systems. In this paper, the Bland–Altman test was adopted to examine the similarity between the WHR measurement system and the BM device. The histogram is the most common method for graphical feature representation in terms of frequency distribution. Therefore, it can be used to show peak scores of the two systems.




3.6. Measurement Accuracy of WHR


The performance metrics of the WHR system can be evaluated in terms of measurement accuracy based on the collected data from WHR and BM systems. The WHR measurement accuracy can be calculated based on Equation (4) [41]. The accuracy denotes the overall ability of the WHR in measuring the heart rate, which closely matches the measurements of the BM system.


  A c c u r a c y  ( % )  =    1 N    ∑   i = 1   N      x i     1 N    ∑   i = 1   N      y i    × 100 %  



(4)




where N is the samples of the measurement; 100 samples were considered in this experiment. xi and yi denote the WHR measurement for each sample for the proposed system and BM system, respectively.





4. Results and Discussion


4.1. Result of Transfer Power and Efficiency


The measured transfer efficiencies and powers at a resistive load of 50 Ω are illustrated in Figure 7. The output power and efficiency were measured at the different distances between Txc and Rxc every 1 cm step until 25 cm. The transfer air gaps, in centimeters, are drawn on the x-axis; the output power, in watts (W), and efficiency in percentage, are drawn on the right and left sides of the y-axis, respectively. The output power and Transfer efficiency were examined for four topologies as shown in Figure 7a–d for spiral-spiral, spider-spider, spider-spiral, and spiral-spider topologies, respectively. Figure 7a–d shows that the Transfer efficiency and output power were 31.11% and 6.88 W, 38.18% and 4.08 W, 70.816% and 19.62 W, and 86.21% and 23.45 W, respectively, in a 4 cm air gap. While Figure 7a–d shows that the Transfer efficiency and output power were 20.02% and 1.71 W, 14.36% and 1.32 W, 31.39% and 4.01 W, and 40.36% and 4.47 W, respectively, in a 7-cm air gap. However, the efficiency and output power decreased to 2.09% and 0.207 W, 0.46% and 0.202 W, 1.68% and 0.513 W, and 2.42% and 0.55 W for Figure 7a–d, respectively, in a 12-cm air gap between transmitter and receiver coils. Moreover, the values of Transfer efficiency and output power further decreased to less than 0.52% and 0.189 W for spiral-spider topology, respectively, in 15 cm air gaps and higher. As a result, the spiral-spider outperformed other topologies in terms of Transfer efficiency and output power.



Figure 8a–d illustrated the performance of the proposed topologies including output power, Transfer efficiency, output voltage (load voltage), and output current (load current) at 50 Ω resistive load, respectively. The figures revealed that the spiral-spider topology beats other topologies in terms of output power, Transfer efficiency, output voltage, and output current, as highlighted in the blue line in all figures. Figure 8a–d shows that the output power, Transfer efficiency, output voltage, and output current were 0.55 W, 2.24%, 5 V, and 110 mA, respectively, in a 12 cm air gap.



All of the components of the measurement system consume approximately 33.2 mA. The current consumptions are 19 mA [42], 12 mA [43], and 2.2 mA [44] for the nRF24L01, Arduino nano, and heart rate sensor-based pulse sensor (SEN-11574), respectively. In this context, an output power of 0.166 W (33.2 mA × 5 V (operating voltage)) is sufficient for operating the measurement component of the proposed system. Therefore, the measurement component can work properly without system failure between 1 and 15 cm air gaps where the generated output power, output voltage, and output current were more than the required values of the measurement unit. However, the system fails to operate beyond 15 cm. The measurement unit was tested using the output voltage and current of the MRC-WPT to confirm its measurement performance, as will be seen in the next section.




4.2. Measurement Validation of WHR


The measurement data for patient WHR can be validated relative to the BM (HANSA device previously shown in Figure 5) based on several statistical analyses as follows:



4.2.1. Error Test and Accuracy


Figure 9 presents the errors and average error/mean absolute error (MAE) of the proposed HR system relative to the BM device. The x-axis indicates the number of samples, while the y-axis denotes the absolute error and MAE. The figure shows that the heart rate error varies between 0 and 2 bpm. Most of the errors were less than or equal to 1 bpm, while certain error samples were less than or equal to 2 bpm. However, relative to the MB device, the obtained MAE is 0.78 for the proposed WHR measurement system. To compute the WHR measurement accuracy, the average measurement of the two systems for 100 samples was measured. The average WHR measurement was found to be 86.76 and 87.06 bpm for the proposed system and BM system, respectively. Consequently, the WHR measurement accuracy was calculated based on Equation (4) [41] and found to be 99.65%. The calculation of MAE and accuracy indicates that the proposed heart-rate measurement system measurements closely match the measurements of the BM system.




4.2.2. Bland–Altman Test


Bland–Altman test can be used to show the agreement between the WHR and BM systems. The differences in a WHR measurement (i.e., errors) between the two systems are drawn on the x-axis, while the means of the two systems for each sample are drawn on the y-axis, as depicted in Figure 10. To create a Bland–Altman plot, several substantial parameters were computed, such as the standard deviation (σ) and mean (µ) of the differences between the BM system and the WHR measurement system, the upper limit of agreements (µ + 2σ), lower limit of agreements (µ − 2σ), and the differences in WHR measurement between the two systems themselves.



To investigate the similarity scores for the proposed system, four types of data are plotted in Figure 10: (i) the differences in WHR measurement between the two systems are plotted as blue circles (between the limits of agreement) and as red triangles (outside the limits of agreement); (ii) the mean of the difference (i.e., μ = −0.3), plotted as a red line; (iii) the upper limit of the agreements (i.e., µ + 2σ = 1.73), as a black line; and (iv) the lower limit of agreements (i.e., µ − 2σ = −2.33) as an orange line. In addition, the standard deviation (σ) of the difference between the measurements of the two systems was calculated and found to be 1.015. The variances within μ ± 2σ were found within 96% limits of the agreement between (−2.33, 1.73) at the average difference of the WHR measurements among the BM and proposed systems. The red triangles are outside the bounds (black and orange lines); the blue circle points are inside the bounds (black and orange lines). The width of parameters is 96% and the limit of the agreement is 4.06 in Figure 10. Thus, the Bland–Altman test reveals a relatively high agreement between the proposed WHR measurement system and the BM system.




4.2.3. Histogram Test


A histogram is the most common method for graphical feature representation in terms of frequency distribution [45]. In this paper, the histogram includes neighboring bars or boxes; the x-axis denotes the bases of the bars representing the WHR measurements; the y-axis denotes the peaks of the bars representing the class counts or frequencies. Lower bars have lower scores, while higher bars suggest higher scores in a class. It is essential to detect whether the data of the implemented WHR measurement matches that of the BM system. The histogram plot in Figure 11 shows that the classes for heart rate are distributed between 80.4 and 97.03, with a minimum frequency of 2 and 4 in the classes. The histogram of the heart rate measurements shown in Figure 11 exhibited peak scores of 33 and 27 in the 91 bpm classes for the BM system and proposed WHR measurement system, respectively. Further, the histogram of the WHR statistics shows peak scores of 28 and 22 in the 88.7 bpm classes for the suggested WHR measurement system and BM device, respectively. These outcomes prove that the data obtained using the suggested WHR measurement system is similar to that obtained by the BM device.






5. Comparison with Previous Work


The performance metrics of the proposed MRC-WPT-based WHR monitoring system can be compared with those found in previous studies. Several researchers have published papers on the different applications of WPT, and can be considered for comparison with the proposed system (Table 4 and Table 5). Table 4 compares previous work in terms of Transfer efficiency, while Table 5 focuses on the power transfer conveyed to the resistive load. The proposed system outperforms the systems reported in these previous studies in terms of both efficiency and power transfer at different distances.



Figure 12 compares the WHR measurement accuracy for the proposed system with those found in several previous articles [19,20,21,22,23,24,25,50,51,52,53,54,55] to confirm the performance of the suggested system. It can be seen that the proposed system accuracy was superior to that of other related works. However, the results in [50] were similar to the results in our current work.




6. Conclusions


This paper presented an MRC-WPT-based WHR monitoring system to solve the power supply problem of the heart rate measurement unit, which includes an Arduino Nano microcontroller, heart rate sensor, and nRF24L01 wireless communication module. The experimental results indicated that the proposed system can provide adequate power to operate the WHR measurement unit at an air gap of 1–15 cm between the receiver and transmitter coils. The power transfer and power Transfer efficiency were investigated and compared with those in earlier articles to verify the power achievement, where it was found that these two parameters outperformed values in previous articles. Moreover, the performance metrics of heart rate measurement were validated relative to a benchmark system through statistical analyses using error tests, the MAE test, the accuracy test, the Bland–Altman test, and the histogram test. In addition, the measurement accuracy was compared to that found in previous studies. The measurement accuracy was found to be 99.65%, which was superior to that in most other studies. The results of this research are superior to those in previous articles regarding measurement accuracy, power transfer, and power Transfer efficiency. In future work, two or more low-power sensors should be embedded in one system to measure other biomedical parameters, such as temperature sensors, motion sensors, physical activity-based accelerometer sensors, ECG sensors, EMG sensors, and SpO2 sensors. In addition, increasing the output power will be studied to allow using the power system for supplying medium power consumption sensors. Moreover, future work may consider the adoption of misalignment conditions between transmitter and receiver coils such as the transverse, longitudinal, or angular offset of the coils where the transfer power and efficiency can be investigated for different conditions.
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Figure 1. Coils topologies (a) spiral-spiral, (b) spider-spider, (c) spider-spiral, and (d) spiral-spider. 
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Figure 2. Equivalent circuit of the wireless power transfer system. 
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Figure 3. Block diagram of the MRC-WPT-based WHR monitoring system. 






Figure 3. Block diagram of the MRC-WPT-based WHR monitoring system.



[image: Designs 05 00059 g003]







[image: Designs 05 00059 g004 550] 





Figure 4. The experiment of (a) explores the key parameters of the MRC-WPT-based WHR monitoring system and (b) WHR measurement at 20 cm. 
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Figure 5. The BM device. 
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Figure 6. Measurement of WHR and BM systems. 
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Figure 7. Transfer power and efficiency for different topologies: (a) spiral-spiral, (b) spider-spider, (c) spider-spiral, and (d) spiral-spider at 50 Ω resistive load. 
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Figure 8. Performance of the proposed topologies: (a) output power, (b) Transfer efficiency, (c) output voltage (load voltage), and (d) output current (load current) at 50 Ω resistive load. 
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Figure 9. The measurement error of WHR absolute error. 
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Figure 10. Bland–Altman plot for WHR measurements in beats per minute (bpm). 
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Figure 11. Histogram of the WHR data and BM device. 
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Figure 12. Comparison of the current work with previous studies in terms of measurement accuracy. 
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Table 1. Performance metrics of previous studied.
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	Ref/MRC

Technique
	Objective
	Frequency (MHz)
	Application
	Accuracy

(%)
	Distance (cm)
	Efficiency (%)
	Power

(W)





	[17]
	OTE
	0.00988
	LVAD
	N/A
	N/A
	N/A
	1.5



	[18]
	OTE
	7
	ID
	70
	9
	22.3
	N/A



	[19]
	OTDE
	0.3
	ICD
	55
	6
	7
	1



	[20]
	BT ch.
	0.3–13.56
	PM
	95
	10
	N/A
	0.0004



	[21]
	OTDE
	0.067
	TS
	96
	3
	1
	0.05



	[22]
	OTDE
	N/A
	MS
	88
	4
	67
	14



	[24]
	OTE
	4
	MD
	94
	3
	1
	0.01



	[25]
	OTE
	30
	MS
	70
	5
	14.7
	N/A



	[23]
	OTE
	0.3
	ID
	94
	4
	0.75
	N/A







N/A: not available; OTE: optimization Transfer efficiency; BT ch.: battery charger; OTDE: optimize transfer distance and efficiency; ID: implantable devices; ICD: implantable cardioverter defibrillators; TS: a temperature sensor; MD: medical sensor.
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Table 2. The adopted parameters of spiral and spider coils.
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	Parameter
	Spiral Coil
	Spider Coil





	Conductor diameter (mm)
	0.724 (21AWG)
	0.724 (21AWG)



	Coil outer diameter (cm)
	12
	12



	No. of turns
	91
	150



	Inductance (µH)
	695
	720



	Resonance capacitor (nF)
	200
	190



	Operating frequency (kHz)
	13.5
	13.5
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Table 3. Experimental protocol and the test parameters adopted in the current experiment.
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	Parameter
	Description





	Coils
	spiral and spider



	Topologies
	spiral-spiral, spider-spider, spider-spiral, spiral-spider



	Oscillator circuit
	ZVS 1000 W/20 A with a DC input voltage of 12–30 V



	Resonance frequency of the oscillator
	13.5 kHz



	Bridge rectifier
	Schottky diodes (module SR260)



	Heart rate sensor
	Pulse sensor (SEN-11574)



	Processing
	
	
Arduino Nano microcontroller (for WHR sensor)



	
Mega 2560 microcontroller (for Monitoring unit)








	Wireless protocol (nRF24L01) [35]
	
	
Operating frequency: 2.4 GHz



	
Operating voltage: 3.3 V



	
Current consumption: 11.3 mA



	
Data rate: up to 2 Mbps



	
Communication distance: up to 1000 m for nRF24L01+








	Laptop
	Monitoring the heart rate measurements based on Arduino IDE software



	Tested distance
	1–25 cm



	Tested devices
	
	
Digital multimeter



	
Digital storage oscilloscope



	
LAB power supply (0–30 V/5 Amp.)
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Table 4. Comparison of the current work with previous studies in terms of transfer efficiencies.
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Ref./Year

	
Transfer Efficiency (%) at Different Distances




	
3 cm

	
4 cm

	
5 cm

	
6 cm






	
[27]/2019

	
35.58

	
17.5

	
7.8

	
6.3




	
[46]/2018

	
42.56

	
40.33

	
40.26

	
40.11




	
[47]/2019

	
57

	
56.9

	
56.5

	
56




	
[48]/2019

	
33.24

	
20

	
10.4

	
N/A




	
This work

	
92.2

	
86.21

	
83.04

	
57.27
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Table 5. Comparison of the current work with previous studies in terms of transfer power.
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Ref./Year

	
Transfer Power (watt) at Different Distances




	
3 cm

	
4 cm

	
6 cm

	
10 cm






	
[27]/2019

	
8.54

	
4.2

	
1.5

	
1.05




	
[46]/2018

	
2.55

	
2.42

	
2.41

	
1.39




	
[49]/2019

	
11.4

	
11

	
10.6

	
9.4




	
This work

	
29.6

	
23.45

	
7.372

	
1.2
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