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Abstract

:

Featured Application


The output of this research by means of energy harvesting through biomechanical motion has the potential to be applied to charging portable devices.




Abstract


Portable electronic devices are dependent on batteries as the ultimate source of power. Irrefutably, batteries only have a limited operating period as they need to be regularly replaced or recharged. In many situations, the power grid infrastructure is not easily accessible to recharge the batteries and the recharging duration is also not convenient for the user to wait. Enhancement of a reliable electronic system by preventing power interruptions in remote areas is essential. Similarly, modern medical instruments and implant devices need reliable, almost maintenance-free power to ensure they are able to operate in all situations without any power interruptions. In this paper, the small-sized electromagnetic generator was designed to produce higher power by utilizing the knee angle transition involved during the walking phase as the input rotary force. The proposed generator design was investigated through COMSOL Multiphysics simulation. The achieved output RMS power was in the range of 3.31 W to 14.95 W based on the RPM range between 360 RPM to 800 RPM.
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1. Introduction


One of the difficult challenges confronting human civilization today is energy demand, of which 70% to 80% is currently met through fossil fuels [1]. Current and emerging renewable and energy-harvesting systems such as solar, wind, hydroelectric, geothermal, ocean, wave, and hydrogen are opening new possibilities that offer viable alternatives in the quest for low-carbon and non-fossil fuel energy generation. Various research has been carried out to optimize the output of these technologies [2,3,4,5].



Energy harvesting is another type of renewable energy source which has attracted researchers to pursue this in view of the global demand for portable electronic devices which continues to grow, and this has directly increased the need for wireless electrical power [6,7,8,9,10]. The expanding usage of portable electronic devices with small power requirements and wireless technology for modern medical devices has increased concern about the present technology of the conventional battery due to its limited lifespan and dimension. It has always been dominated by the battery size and capacity in determining the dimension, lifespan, and abilities of an electronic system [11]. These limitations have inspired many researchers to investigate energy harvesting as a potential energy source.



Energy harvesting has gained research momentum in powering up electronic devices as it has the potential to generate power for a longer lifespan. These energy resource devices are constructed in a way to operate with very minimal maintenance time or almost nearly zero maintenance and are able to operate for a longer lifespan. Energy harvesting is commonly implemented as an additional energy resource to a main power source element to further optimize the system’s reliability without power interruptions. Energy generation from solar light, radio frequency, mechanical motion, and temperature variation has been demonstrated to be a feasible replacement for the conventional batteries for low-power portable electronic devices such as wearable electronics and wireless sensor networks. Technology advancements in sensor-based energy harvesting systems and energy-efficient harvesting components have driven the growth of the global market. Figure 1 shows the global energy harvesting market value and projection.



BCC Research through their survey report stated the global energy-harvesting system market was valued to be $323 million in 2011 [12], $880 million in 2014 [13], and $1.7 billion in the year 2018. This recorded more than 5 times of growth in 7 years. The global energy-harvesting system market value is projected to be more than double by the year 2023, which is $4.4 billion. This is equivalent to a compound annual growth rate (CAGR) of 20.2% from 2018 to 2023 [14].



Apart from energy generated from solar light, radio frequency, mechanical motion, and temperature changes, biomechanical energy harvesting is also another field with vast opportunities to replace conventional batteries. Through every single heartbeat to motion, human beings continuously dissipate energy. It’s a norm for the human muscles to transform the calorie intake from food to mechanical work. The efficiency of this conversion is stated as 25% [15]. Many devices have been developed to utilize the human energy capacity in generating electrical power such as hand-crank generators, wind-up flashlights, and wristwatches [16]. The drawback of these conventional methods is the users must concentrate on the power-generating activities and this frequently results in short periods of focus. A longer duration of energy harvesting activity is only possible by harvesting the energy from everyday activities, and this will be possible by attaching the energy-harvesting device to any of the human’s anatomical joints. One of the most suitable examples of this approach is the self-winding watch, where the arm movement was occupied to generate electrical power of 5 μW [17]. Rome et al. [18,19] investigated an energy harvester by using a backpack. This backpack mechanism uses its weight as a source to initiate the rotary system attached to it and apart from the weight the output is significantly influenced by the walking speed. A total of 7.4 W was generated from this energy harvester backpack with 38 kg as the load. Donelan et al. [20] designed a knee energy-harvester device which is 1.6 kg. At a walking speed of 1.5 m/s, the device was able to generate 3.5 W.



The lower extremity of the human is identified to be the anatomical part that exhibits higher motion during a walking gait cycle [21]. A lot of studies had been carried out to investigate the potential of energy harvesting via hip, knee, ankle, and heel strike. Feng Qian et al. [22] demonstrated two types of piezoelectric footwear harvesters with different piezoelectric stack quantities. This was designed to amplify the transferred heel strike force via force amplification frames. The average power generated at 4 km/h by the eight-stack piezoelectric is 6 mW/shoe and the six-stack piezoelectric produces 8 mW/shoe. Mustafa Ilker et al. [23], established a piezoelectric patch by optimizing the placement around the knee by using the MEMS-based piezoelectric. During walking, the harvester generated RMS power of 6.2 µW and 12 µW while running. Yiming Lei et al. [24] analyzed a microelectromagnetic energy harvester by converting vibration energy to electrical power. This harvester utilizes a planar copper spring mechanism and generates maximum power of 205.38 µW at 124 Hz resonance frequency. Muhammad Toyabur Rahman et al. [25] investigated a hybridized generator by incorporating a nonlinear electromagnetic generator and triboelectric nanogenerators. This hybridized harvester generated 131.4 mW as the maximum output power during horizontal handshaking. Longhan Xie et al. [26] developed a flexible lower limb exoskeleton which is worn in parallel to assist walking gait while generating power. At the 5.1 km/h walking speed, the harvester generates a maximum power of 6.47 W. Collier Apgar et al. [27] use a brushless DC motor as the generator by integrating a gear train with a 1:86 ratio. At 5211 RPM, the generator produces 8.43 W. Jun Fan et al. [28] investigated a knee-mounted harvester with a cable-pulley mechanism. This cable-pulley mechanism converts the flexion and extension gait cycle of the knee to electrical power. This harvester generates average power of 4.1 W.



The discussed related work shows two main types of generator mechanisms which are the piezoelectric and electromagnetic generators. However, the generated power for piezoelectric ranged between 6.2 µW and 8 mW, and electromagnetic generators ranged between 205.38 µW and 8.43 W. This power is significantly lower, although Collier Apgar et al. [27] has produced 8.43 W at 5211 RPM which is considered better than previous work.



With these limitations, hence, in this paper, an electromagnetic generator for a biomechanical energy harvester for knee motion has been investigated and designed to produce a higher output power at lower RPM based on biomechanical motion. The proposed design is small-scale and lightweight to ensure minimal impact against the normal gait cycle of the user. As such, the proposed design is 40 mm in diameter and 10 mm in thickness. The designed small-scale generator is able to generate higher output power which is 14.95 W per device at 800 RPM with minimal effort from the user. The effort to actuate the generator is minimized by reducing the cogging torque of the generator by lowering the slot opening to slot pitch ratio. This is the major contribution of the research.



The rest of the paper is organized as follows: Section 2 focuses on electromagnetic generator modelling. Section 3 shows the simulation results and discussions with results validation through two case studies. Finally, in Section 4, the conclusion is presented.




2. Electromagnetic Generator Modelling


The electromagnetic generator modelling process of a single-phase permanent magnet generator involves several stages including finite element method (FEM) simulations. To limit the verification of the generator topology variations, the decision is made to consider a specific type of generator. The proposed design has 8 slots and 8 poles. The overall design process is summarized in the flowchart shown in Figure 2.



The initial stage involves the generator geometry, slot opening design, magnet grade, and choosing the air gap thickness. The second stage focused on coil features and load conditions. The design optimization process is the final stage.



2.1. Geometry of Electromagnetic Generator


In this study, an 8-slot/8-pole surface-mounted permanent magnet generator will be evaluated. The electromagnetic generator’s assembly is shown in Figure 3.



The generator geometry represents a single-phase permanent magnet generator and the geometrical parameters are the inner radius of rotor R1, radius of the permanent magnet surface R2, overall diameter of generator Ø, the permanent magnet sector angle α, slot pitch angle δ, slot opening angle β, and the air gap thickness dm. The arrow on the permanent magnet indicates the inbound and outbound arrangement of the magnets. The dot and cross symbol on the coil represents the current flow direction in the coil. Figure 4 shows the 3D geometry view for one sector of the generator.



The complete design of electromagnetic generator assembly will consist of 8 sectors. The assembly portion which accommodates the coil will act as a stator and the assembly holding up the magnets will act as a rotor. The permanent magnets are arranged in a sequence where it has an opposite pole from the magnets on both sides. The generator has been designed such that for every rotation of 22.5 degrees, it will change the magnetic field of the electromagnetic generators simultaneously and generate the needed electrical power. All the parameters associated with the generator are tabulated in Table 1.




2.2. Air Gap Thickness of the Generator


The air gap thickness between the stator and rotor needs to be determined in order to obtain the desired performance of the generator. Equation (1) shows the air gap thickness influence on the magnetic flux density in the air gap region:


Φ = MMF × (µmA/dm)



(1)




where Φ is the flux in the air gap, MMF is the magnetomotive force, µm is the permeability of the magnetic material, A is the cross-sectional area, and dm is air gap thickness.



To determine the optimum air gap thickness of the generator design, the electromagnetic force reaction on the stator iron was evaluated by varying the air gap thickness between the permanent magnet and the stator iron for multiple magnet sizes as shown in Table 2 and stator designs which are square edge and T shape. Figure 5 shows the electromagnetic force strength towards the stator.



The electromagnetic force strength towards the stator iron is highly influenced by the dimension of the magnet, magnetic properties, and air gap thickness. The electromagnetic force strength has been investigated for the square edge stator by varying the magnet sizes and air gap thickness as shown in Table 2.



The highest force reaction happens when the magnet is placed at a distance of 0.5 mm from stator iron. The electromagnetic force versus air gap thickness by magnet sizes has been plotted as shown in Figure 6.



Because the generator is intended to be fitted into an energy-harvesting mechanism that will be worn at the hip or thigh and will be driven by leg motion, it must be designed to have minimal or zero impact on the normal gait cycle of the user. Based on Table 2, the electromagnetic force is significantly high at the 0.5 mm air gap thickness which ranges between 3.931 N and 8.58 N, and this will require a huge effort from the user to actuate the generator. Hence, the 1 mm air gap thickness is suitable for the electromagnetic generator design as it exhibits moderate electromagnetic force which ranges between 1.314 N and 1.550 N and does not require huge effort from the user.



The optimum magnet size for the electromagnetic generator is chosen based on magnetic flux density in the air gap region. Therefore, based on 1 mm air gap thickness, the magnetic flux density at air gap region was determined by varying the magnet sizes as shown in Figure 7.



Magnet C, Magnet E and Magnet F demonstrate an almost similar level of magnetic flux density. Out of three magnet sizes, Magnet E is chosen for this study as the electromagnetic force is lower than Magnet F and the dimension is wider than Magnet C.



Similarly, the T shape stator is analyzed by using the Magnet E by varying the air gap thickness. Figure 8 shows the electromagnetic force and magnetic flux density for T shape stator design.



Similar to the previous analysis, the T shape stator with 0.5 mm air gap thickness also exhibited a higher electromagnetic force which will need higher user effort. Hence, the 1 mm air gap thickness was found to be the optimum choice as the magnetic flux density is at the 1 Tesla region and other air gap thicknesses is exhibiting lower than 0.8 Tesla magnetic flux density and are not suitable for an electromagnetic generator to produce high power.



The air gap thickness of 1 mm was able to produce optimum magnetic flux density for both square edge stator and T shape stator.




2.3. Parameters of Electromagnetic Generator


This analysis will be based on an 8-slots/8-poles single-phase generator and the associated parameters are shown in Table 3.




2.4. Simulation


COMSOL Multiphysics has been used to conduct the simulation work for the electromagnetic generator. This simulation is done by using the 3D rotating machinery features from COMSOL Multiphysics. There are some key simulation parameters used to carry out these simulations as shown in Table 4.



In COMSOL Multiphysics modelling, Equations (2)–(4) are the general equations that COMSOL solves during the simulation process:


Electromagnetism: ∇ × E = −δB/δt



(2)






Ampere’s law: ∇ × H = J + (δD/Δt)



(3)






Maxwell’s equation for time domain: ∇ × (µ−1 ∇ × A) = −σ (δA/δt)



(4)




where E is the electric field, D is the electric displacement, J is the current, H is the magnetic field intensity, B is the magnetic flux density, µ is the material’s permeability, σ is the material’s conductivity, and A is the magnetic vector potential. In the process, to solve the Equations (2)–(4), critical information such as boundary conditions of source and destination, material properties, and material’s nonlinearities are taken into consideration.



Throughout the simulations, the RPM has been varied by three different speeds at 360, 450, and 800. The load value has been varied by two conditions at 10 ohms and 100 ohms. The number of sectors, number of coil turns, coil wire thickness, stator and rotor material plus material of the magnet are the same.





3. Results and Discussion


The radial component of the magnetic flux density at the center region of the air gap under the no-load condition is shown in Figure 9.



The radial magnetic flux waveform shows a very mild distortion at the region of slots opening. The open-circuit voltage of the generator has been evaluated to analyze the waveform for the generator emf. Figure 10 shows the open circuit AC voltage of the generator.



The simulation is done for a rotation speed of 360 RPM and observed sinusoidal emf waveform for the no-load condition. This will be the basic validation to ensure there is no distortion or ripple in the voltage due to design.



Cogging torque is an important characteristic of any permanent magnet machine. The cogging torque for the proposed generator design is shown in Figure 11.



The angular period of the cogging torque as per the least common multiple (LCM) based on the number of poles and slots giving 45°. As per the plot, the cogging torque peak is recorded as 0.39 Nm. This torque value could be used to calculate the input force needed to actuate the generator. This is important to understand the extra effort that needs to be applied by the user to occupy the energy harvester device. The perpendicular force at the shaft can be calculated by using Equation (5):


F⊥ = τ/ℓ



(5)




where F⊥ is the perpendicular force acting on the shaft in N, τ is the torque in Nm and ℓ is the shaft length in meter



Because the cogging torque will influence the required force to actuate the generator, this design is further investigated to reduce the cogging torque. Li Zhu et al. [29] have derived Equations (6)–(8) which demonstrate the direct influence of the slot opening to slot pitch ratio towards the cogging torque.



Equation (6), shows the proportion of cogging torque:


   T  cog    (   α r   )    ∝ −   ∑   n = 1  ∞  [  G   a  nNL        sin  (   nN  L     α p  π    N p    )    sin     (    nN  L   α r   )  ]  



(6)







Equation (7), shows the direction proportion of cogging torque while the rotor position αr = 2π/NL:


   T  cog   ∝   ∑   n = 1  ∞   T n  = −   ∑   n = 1  ∞  [  G   a  nNL        sin  (   nN  L     α p  π    N p    )    sin     (  n  π 2   )  ]    



(7)







The Fourier coefficient of the air gap relative permeance G(θ) is shown by Equation (8):


   G   a  nNL     =   2  N s   π     [   ∫      b 0   2     π   N s      cos (   nN  L  θ )   d θ    +   ∫  0     b 0   2        (    h m     μ r    +   gC  ∅  )  2  cos  (    nN  L  θ  )      [    h m     μ r    +  (  g −  R 2  +  R 2  cos  (     b 0   2  − θ  )  +      π R   2   2     (     b 0   2  − θ  )   )   C ∅  ]  2       d θ  ]    



(8)




where αr is the rotational angle of rotor, NP is the number of permanent magnet pole, NS is the number of slots, NL is the least common multiple between NP and NS, αp is the effective ratio of pole arc to pole pitch, b0 is the slot opening, hm is the thickness of magnet, µr is the magnet relative recoil permeability, CØ is the flux concentration factor, g is the mechanical air gap, R2 is the outer radius of air gap and GanNL is the Fourier coefficient of air gap relative permeance. Equations (6)–(8) clearly shows the reduction in the slot opening to slot pitch ratio will reduce the cogging torque.



The slot opening angle and slot pitch angle region in the generator geometry are shown in Figure 12.



The initial generator design has a slot opening to slot pitch ratio of 1 and the geometry of the stator is shown in Figure 12a. To reduce the cogging torque, the β/δ ratio has been varied by fixing the slot pitch angle to the initial value. Figure 13 shows the cogging torque by β/δ ratio.



As expected, the lower β/δ ratio decreases the cogging torque. The lowest cogging torque, 0.14 Nm, was achieved at a β/δ ratio of 0.2 but observed a ripple on the cogging torque peak. Hence the β/δ ratio of 0.4 with cogging torque 0.21 Nm is chosen for this study. This will be 46% lower than the initial cogging torque.



The proposed design has been simulated by varying the parameters as stated in Table 3. The overall simulation outcome has been plotted to illustrate the power generated under two load conditions at different RPM. Figure 14 shows the output power generated at 360 RPM.



At 360 RPM generator was able to generate a peak power of 8.6 W under a 10-ohm load condition and 5.3 W under a 100-ohm load condition. Figure 15 shows the output power generated at 450 RPM.



At 450 RPM generator was able to generate a peak power of 11.2 W under a 10-ohm load condition and 8.2 W under a 100-ohm load condition. Figure 16 shows the output power generated at 800 RPM.



At 800 RPM generator was able to generate a peak power of 18.1 W under a 10-ohm load condition and 24.2 W under a 100-ohm load condition. The generated output power was further computed to obtain the root mean square value of the power. Figure 17 shows the RMS Power.



The RMS power demonstrates the continuous output power that is able to be supplied by the generator. The minimum RMS power for the generator is 3.31 W with a 100-ohm load at 360 RPM and the maximum RMS power is 14.95 W with a 100-ohm load at 800 RPM.



The overall outcome parameters that have been investigated are analyzed as a case study to summarize the achieved outcome. Figure 18 shows the conceptual image of knee biomechanical energy-harvesting device placement of this electromagnetic generator.



Case study 1: A male user with a 6-feet 2-inch height walked at 1.34 m/s pace for 30 min by wearing this energy harvester with a 250-mm shaft length. This case study is described in the following steps.



	
As per Jooeun Ahn et al. [30], the average knee angle transition for one complete gait cycle is 122°, which is equivalent to 61° per step.



	
As per Werner et al. [31], a male user with a 6-feet 2-inch height would require 1330 steps to reach a 1-km distance if he walked at 1.34 m/s speed.



	
By using the values from steps (i) and (ii), the knee angle transition per second can be computed as: knee angle transition = (1.330 steps/meter) × 1.34 m/s × 61°/step = 108.83°/s



	
This knee angle transition can be further amplified by using an integrated gear train mechanism. A gear train with a 1:5:5 ratio is occupied for this computation with the assumption of minimal or neglectable friction. The amplified angle is 108.83°/s × 25° = 2720.75°/s.



	
The amplified angle of 2720.75°/s is converted to associated revolutions per minute. (2720.75°/s/360°) × 60 s = 453 RPM.



	
Based on the simulation results, the generator at a rotation speed of 450 RPM is able to generate RMS power of 6.93 W under a 10-ohm load and 5.09 W under a 100-ohm load. This output is based on single device or per leg.



	
By using Equation (5), the user needs to apply an input perpendicular force of 0.84 N at the shaft end to actuate the generator and the equivalent energy produced for a 30-min walk will be 6.92 Wh under a 10-ohm load and 5.08 Wh under a 100-ohm load.






Case study 2: A female user with a 5-foot height runs at a 4.47 m/s pace for 30 min by wearing this energy harvester with a 150-mm shaft length. This case study is described in the following steps.



	
As per Jooeun Ahn et al. [30], the average knee angle transition for one complete gait cycle is 122°, which is equivalent to 61° per step.



	
As per Werner et al. [31], a female user with a 5-foot height would require 706 steps to reach a 1-km distance if she runs at 4.47 m/s speed.



	
By using the values from steps (i) and (ii), the knee angle transition per second can be computed as knee angle transition = 192.49°/s.



	
This knee angle transition can be further amplified by using an integrated gear train mechanism. A gear train with a 1:5:5 ratio is occupied for this computation with the assumption of minimal or neglectable friction. The amplified angle is 4812.25°/s.



	
The associated revolution per minute is 802 RPM.



	
Based on the simulation results, the generator at a rotation speed of 800 RPM is able to generate RMS power of 11.2 W under a 10-ohm load and 14.95 W under a 100-ohm load. This output is based on single device or per leg.



	
By using Equation (5), the user needs to apply an input perpendicular force of 1.4 N at the shaft end to actuate the generator and the equivalent energy produced for a 30-min walk will be 11.2 Wh under a 10-ohm load and 14.96 Wh under a 100-ohm load.






The overall parameters and computed values in the case study are summarized and tabulated in Table 5.



As demonstrated in the case study, when the user wears the harvester device on both leg while walking, the user was able to generate RMS power of 13.86 W under a 10-ohm load and 10.18 W under a 100-ohm load by applying minimal input force of 0.84 N by the user. Moreover, while running the user was able to generate RMS power of 22.4 W under a 10-ohm load and 29.9 W under a 100-ohm load by applying 1.4 N force. This case study shows the RMS power generated for walking and running by using the proposed electromagnetic generator design.



In previous work, Feng Qian et al. [22] demonstrated piezoelectric footwear which was able to generate a maximum 8 mW/shoe. Mustafa Ilker et al. [23] designed a knee wearable device that was able to generate a maximum power of 98.5 µW while walking and 123.4 µW while running. Yiming Lei et al. [24] generated 205.38 µW through a microelectromagnetic vibration energy harvester. Muhammad Toyabur Rahman et al. [25] investigated a hybridized generators and were able to generate 131.4 mW. All these power ranges are very minimal as the piezoelectric, triboelectric, and microelectromagnetic harvesters were used as the generators. Longhan Xie et al. [26] harvested 6.47 W at walking speed of 1.41 m/s and Jun Fan et al. [28] were able to generate 4.1 W at 1.5 m/s walking speed, at the lower walking speed of 1.34 m/s minimum RMS power generated in this study was 5.09 W and maximum RMS power generated was 6.93 W. Collier Apgar et al. [27] were able to generate 8.43 W at 5211 RPM, whereby in this study the RMS power generated at 800 RPM was in the range of 11.2 W to 14.95 W. This was comparatively higher power at a lower speed. Maxwell Donelan et al. [20] designed a device that generated 3.5 ± 0.35 W per device at 1.5 m/s walking speed under continuous generation mode. In this study, the RMS power generated at 450 RPM which is associated with a walking speed of 1.34 m/s is 6.93 W and 5.09 W based on the load condition. The significance of this study is exhibited through the output power which is higher compared to the rest of the electromagnetic generator.




4. Conclusions


The study demonstrates the magnet size and stator shape influence the electromagnetic force strength and magnetic flux density at the air gap region. The proposed design exhibits lower cogging torque which is 0.21 Nm at the 1 mm air gap thickness and this was achieved by reducing the slot opening to slot pitch ratio of the stator design. The generator design was able to produce significantly high power with minimal input perpendicular force to actuate the generator by the user. By applying the force range from 0.84 N to 1.4 N, the user could harvest power between 5.09 W and 14.95 W corresponding to the user’s movement speed. This generated power will be doubled when the user wears the biomechanical harvester mechanism on both legs. In future research, the existing design will be evaluated based on the overall harvester mechanism weight and the needed extra effort to carry the harvester device. Moreover, the number of poles and slots will be varied to reduce the generator’s weight and the generated output power will be analyzed based on possibilities to compensate by increasing the gear ratio to produce higher RPM. In summary, the biomechanical energy harvester has a substantial opportunity to be a substitute for the conventional battery depending on the application.
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Figure 1. Global energy-harvesting market. 
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Figure 2. Electromagnetic generator design flowchart. 
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Figure 3. 2D cross-section of generator assembly. 
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Figure 4. One sector of electromagnetic generator assembly. 
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Figure 5. Electromagnetic force strength. (a) Square edge stator. (b) T shape stator. 
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Figure 6. Electromagnetic force reaction due to air gap thickness by magnet size. 






Figure 6. Electromagnetic force reaction due to air gap thickness by magnet size.



[image: Applsci 12 06197 g006]







[image: Applsci 12 06197 g007 550] 





Figure 7. Magnetic flux density at the centre of the air gap region. 
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Figure 8. Reaction due to air gap thickness. (a) Electromagnetic force. (b) Magnetic flux density at the center of the air gap region. 
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Figure 9. Radial magnetic flux density waveform at center of air gap. 
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Figure 10. Open-circuit AC voltage. 
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Figure 11. Cogging torque. 
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Figure 12. Slot opening, β and slot pitch, δ. (a) Slot opening for an open slot design. (b) Slot opening for a semi-closed slot design. 
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Figure 13. Cogging torque by β/δ ratio. 






Figure 13. Cogging torque by β/δ ratio.



[image: Applsci 12 06197 g013]







[image: Applsci 12 06197 g014 550] 





Figure 14. Power generated at 360 RPM. 
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Figure 15. Power generated at 450 RPM. 
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Figure 16. Power generated at 800 RPM. 
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Figure 17. Root mean square power. 
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Figure 18. Knee biomechanical energy harvester placement. (a) attached to thigh (b) attached to hip. 
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Table 1. Parameters associated with the generator design.
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	Symbol
	Description





	S
	Number of slots



	P
	Number of poles



	R1
	Inner radius of the rotor



	R2
	Permanent magnet surface radius



	Ø
	Overall diameter



	α
	Permanent magnet sector angle



	dm
	Air gap thickness



	β
	Slot opening angle



	δ
	Slot pitch angle



	β/δ
	Slot opening to slot pitch ratio



	L
	Thickness



	d
	Coil wire diameter
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Table 2. Electromagnetic force by magnet dimensions for square edge stator.
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Magnet Size (mm) (Thickness × Outer Arc Length × Inner Arc Length)

	
Air Gap Thickness (mm)

	




	
Label

	
Dimension

	
0.5

	
1.0

	
1.5

	
2.0

	
2.5

	
3.0

	
3.5

	
4.0






	
Magnet A

	
2.0 × 5.38 × 4.39

	
3.931

	
1.314

	
0.402

	
0.173

	
0.081

	
0.042

	
0.025

	
0.015

	
Electromagnetic Force (N)




	
Magnet B

	
2.5 × 5.62 × 4.39

	
6.831

	
1.387

	
0.426

	
0.225

	
0.099

	
0.054

	
0.035

	
0.020




	
Magnet C

	
3.0 × 5.86 × 4.39

	
6.339

	
1.452

	
0.460

	
0.236

	
0.116

	
0.061

	
0.041

	
0.026




	
Magnet D

	
2.0 × 6.14 × 5.03

	
6.449

	
1.390

	
0.462

	
0.241

	
0.122

	
0.065

	
0.040

	
0.025




	
Magnet E

	
2.5 × 6.42 × 5.03

	
8.580

	
1.454

	
0.516

	
0.261

	
0.133

	
0.078

	
0.050

	
0.035




	
Magnet F

	
3.0 × 6.70 × 5.03

	
6.985

	
1.550

	
0.568

	
0.285

	
0.147

	
0.091

	
0.056

	
0.038
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Table 3. Parameters of electromagnetic generator.
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	Symbol
	Description
	Value
	Unit





	S
	Number of slots
	8
	



	P
	Number of poles
	8
	



	R1
	Inner radius of the rotor
	9
	mm



	R2
	Permanent magnet surface radius
	11.5
	mm



	Ø
	Overall diameter
	20
	mm



	α
	Permanent magnet sector angle
	32
	°



	dm
	Air gap thickness
	1
	mm



	β/δ
	Slot opening to slot pitch ratio
	1
	



	L
	Thickness
	10
	mm



	d
	Coil wire diameter
	AWG 24
	



	dm
	Air gap thickness
	1
	mm
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Table 4. Key simulation parameters.
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	RPM
	Load
	Sector
	Coil

N-Turn
	Stator and Rotor Material
	Neodymium Magnet





	360, 450 and 800
	10 Ohm and 100 Ohm
	8
	600
	35PN230
	N52
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Table 5. Summary of case study.






Table 5. Summary of case study.





	Description
	Case Study 1
	Case Study 2





	User height
	6-feet 2-inch
	5-feet



	Motion speed
	1.34 m/s
	4.47 m/s



	Shaft length
	250 mm
	150 mm



	Steps to reach 1 km
	1330 steps
	706 steps



	Knee angle transition/s
	108.83°/s
	192.49°/s



	Amplified angle
	2720.75°/s
	4812.25°/s



	Associated RPM
	450 RPM
	800 RPM



	RMS power per device with 10-ohm load
	6.93 W
	11.2 W



	Equivalent energy for 30 min
	6.92 Wh
	11.2 Wh



	RMS power per device with 100-ohm load
	5.09 W
	14.95 W



	Equivalent energy for 30 min
	5.08 Wh
	14.96 Wh



	Force applied by the user
	0.84 N
	1.4 N
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