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The research of wearable energy harvesting and storage devices has attracted tremendous attention from researchers with commercial wearable devices emerging in the life as new mainstream. Among them, shoes are a better choice for energy harvesting. However, most of the existing energy harvesting and storage shoes have complex structures, poor wearing comfort, and high cost. In order to solve these problems, a kind of innovative multi-functional shoes is developed and discussed in this paper. The shoe contain two main parts. One is a rubber column used as heel material, which plays a role in cushioning and damping during movement and making the shoe more comfortable to wear. The other one is a circuit system designed to realize energy harvesting, energy storage, and emergency charging of electronic products during walking. The performance test of the rubber column is carried out, and then the structure and geometric size of the rubber column is optimized according to its performance, human weight, and gait. Finally, the stress and energy harvesting of the multi-functional shoes in different gait conditions are analyzed. The analysis results show that the developed innovative multi-functional shoe has good stability and versatility when working under different gait, and the rubber column is beneficial to improve the wearing comfort of energy harvesting shoes.
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INTRODUCTION

The development of technology has increased the use of commercial wearable devices yet short battery life of these electronics products is still a bothering problem (Kamiyama and Murakami, 2018). At present, energy harvesting from human locomotion has been proven to be a convenient and promising way to continuously power wearable electronics products (Moro and Benasciutti, 2010; Bai et al., 2013; Ylli et al., 2015; Halima et al., 2018). Various applications including but not limited to shoes (Paul et al., 2015; Qian et al., 2018; Turkmen and Celik, 2018), clothing (Heo et al., 2017), backpack (Yuan et al., 2018), and insoles (Luo et al., 2015; Johari and Rashid, 2017), have been exploited to convert human-generated mechanical energy to electrical energy. Among them, shoes are an indispensable daily necessities in people's lives. It has attracted great attention from the research community as an energy harvester. Because people generate a lot of energy when they walk and collecting energy through shoes is relatively simple and effective, the idea of charging electronic products with shoes emerged. The energy generated by the progress of walking can be converted into electrical energy to charge electronic products.

There are two methods commonly used in shoe energy harvesting, i.e., piezoelectric and electromagnetic. The piezoelectric material is a smart material which generates electrical charges under strain changes when subjected to pressure, and electrodes can collect electrical charges to produce electrical current. In energy harvesting shoe, the piezoelectric material is placed where stress and strain are generated by walking, such as soles and heels. Qian et al. (2018) presented an embedded piezoelectric footwear harvester with optimized force amplification frame. The experimental results show that the 8- and 6-layer heel footwear harvesters have an average power output of 7 mW/shoe and 9 mW/shoe at a walking speed of 4.8 km/h. Rocha et al. (2009) reported the use of piezoelectric materials electroactive beta-polyvinylidene fluoride production soles as energy collection elements, from the footsteps to collect energy. Cha and Seo (2018) even integrated the piezoelectric energy transducer into the slippers to collect the energy generated by the bending of the slippers, and verified the feasibility of the design through experiments. At the same time, the research on the energy collected by electromagnetic methods in shoes is also extensive. For an energy harvesting shoe using an electromagnetic harvester, the force generated by walking drives the magnet to move relative to the coil, thereby generating an induced current. Zhu et al. (2018) reported a compact electromagnetic in-shoe energy harvester using wave spring and rotational electrical generator. An average energy of 55.6 μJ and the peak power of 1.6 mW was generated by each footstep. Xie and Cai (2015) reported an in-shoe magnetic harvester that generated electricity from a microgenerator driven by a special trapezoidal slider mechanism and a gear train. Experiments showed that the harvester could produce an average power output of about 1 W during normal walking. Baghbani and Ashoorirad (2009) designed a mobile electronic power generation system that used a combination of a rotary arm, a stepped-up gearbox and a small rotational electrical generator. Both methods are available to generate electricity to fill up the power. However, the piezoelectric could only generate electricity in a limited power, which requires a significant amount of steps to fill the power. Therefore, this method could be adopted in powering micro devices with low power consumption (Gatto and Frontoni, 2014; Meier et al., 2014), but not suitable for charging batteries with large capacity. Moreover, it has been reported that electromagnetic energy harvesting shoes have a relatively high energy harvesting efficiency, but they have significant interference with the user's normal gait when used (Carroll and Duffy, 2012). In addition, there are many other ways to use energy harvesting shoes: for example, Bonisoli et al. (2017) used an integrated cylinder to capture the energy produced by a shoe striking the ground. The cylinder consists of a magneto inductive transducer embedded in an electronic interface. Fu et al. (2016) used an air bladder-turbine to collect the airflow caused by the heel impact and convert it into electrical energy. It was verified by experiments that the airflow energy harvester worked stably and reliably.

In this paper, a kind of innovative multi-functional shoes is developed. In the shoe, there are two main parts. One is rubber column used as heel material, which plays a role in cushioning and damping during movement and making the shoe more comfortable to wear. The other one is a circuit system designed to realize energy harvesting, energy storage, and emergency charging of electronic products during walking. The performance test of the rubber column is carried out. And then the structure and geometric size of the rubber column is optimized according to its performance, human weight, and gait. Finally, the stress and energy harvesting of the multi-functional shoes in different gait conditions are analyzed. The analysis results show that the developed innovative multi-functional shoe has good stability and versatility when working in different gait, and the rubber column is beneficial to improve the wearing comfort of energy harvesting shoes.

DESIGN ON INNOVATIVE MULTI-FUNCTIONAL SHOES

The main function of innovative multi-functional shoes is to collect electric energy continuously during people's walking process, and at the same time to ensure the comfort of people walking. In order to achieve these functions, the multi-functional shoe mainly consists of the rubber column and the power acquisition device which consists of a linear generator, a storage circuit and a charging interface, as shown in Figure 1. At the heel of the shoe, a ring shaped rubber column is placed inside. And a linear generator is placed at the center of the ring. The solid insole is placed above the rubber column and is directly connected to the rubber column and the movable part of the linear generator, as shown in Figure 2.
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FIGURE 1. The multi-functional shoe.
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FIGURE 2. Cross sectional view of the heel.



Design of Rubber Column

The rubber column is made into a ring shape, so the power acquisition device can be placed in the middle of the rubber column ring. The rubber column ring is made of viscoelastic materials. The material is kind of passive damping material with certain stiffness and damping. That means, the material has the compression type variable similar to the spring. When an external force is applied to the viscoelastic material, it is compressed and deformed; when the external force is removed, it can quickly return to its original state. When the viscoelastic materials is constantly deformed, its damping characteristics can reduce vibration and have a cushioning effect. Therefore, the use of the viscoelastic rubber column as a heel support material can reduce the impact during exercise and improve the comfort of the shoe.

Design of the Power Acquisition Device

The power acquisition device is a circuit system consisting of a linear generator, a storage circuit and a charging interface. The circuit system enable energy harvesting and storage during exercise, and then realize emergency charging of electronic products.

The power acquisition device is placed on the heel and the central axis of the linear generator is perpendicular to the sole. The principle of the linear generator is shown in Figure 3. The two series connected coils of the linear generator are symmetrically wound to the guide device in the opposite direction, resulting in the same phase of the electrical signals produced in the two coils. During walking, the movement of the permanent magnet in the linear generator is caused by the force of the heel received by the shoe containing the energy harvester. The movement of the permanent magnet causes a change in the flux linkage in the coil, thus inducing a voltage between the ends of the coil. The linear generator is also connected to a bridge rectifier to charge a capacitor, as shown in Figure 4. Schottky diodes are used in the bridge rectifier due to their threshold voltage. DC voltage after tuning by the bridge rectifier:
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Energy stored in the capacitor can be calculated:

[image: image]

Where, V0 is the voltage generated by the linear generator, E is energy stored in the capacitor, C is the capacitance and V is the voltage across of the capacitor. In this paper, the electrolytic capacitor with a withstand voltage of 35 V and a capacity of 100 μF is selected. The maximum energy storage of the electrolytic capacitor:
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As mentioned above, the solid insole is placed above the rubber column and is directly connected to the rubber column and the moveable part of the linear generator, as shown in Figure 2. When the heel moves down, the solid insole is pushed down. With the solid insole moving down, the rubber column is gradually compressed and the linear generator moves vertically downward. When the heel lifts up, the elasticity of the rubber column will restore it to the initial state, while the linear generator is driven to move vertically upward. In this reciprocating motion process, the moveable part of the linear generator also reciprocates to continuously generate electrical energy. Compared with the rotational generator (Baghbani and Ashoorirad, 2009; Zhu et al., 2018), the linear generator is used as the energy generating device, and it is not necessary to convert the linear motion into a rotary motion, simplifying the structure and increasing the energy conversion rate.
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FIGURE 3. The in-shoe energy harvester structure diagram.
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FIGURE 4. The energy harvester circuit diagram.



TEST ON RUBBER COLUMN

The viscoelastic material is a high molecular polymer that dissipates vibration energy during deformation and has both viscous and elastic properties. Because the rubber column uses a highly damped viscoelastic material, it has a vibration damping function, which can cushion and reduce vibration, reduce sports impact and improve the comfort of the shoes. In order to determine the performance parameters of the rubber column, the mechanical properties of a cylindrical viscoelastic material are tested under sinusoidal load of different frequencies and displacement amplitudes on the fatigue testing machine, as shown in Figure 5. The diameter and the thickness of the cylindrical viscoelastic material are 70 and 35 mm, respectively. And the loading conditions of the test are shown in Table 1.
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FIGURE 5. Schematic diagram of test loading device.




Table 1. The loading iconditions of the test.
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Ideally, the force-displacement relationship of viscoelastic material under axial sinusoidal load is an ellipse, as shown in Figure 6. It can be deduced from Figure 6 that the equivalent stiffness of viscoelastic materials is:
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FIGURE 6. Ideal force-displacement hysteretic curve of viscoelastic materials.



Where, u0 is the maximum vertical displacement of viscoelastic materials, F1 is the force generated by the viscoelastic material when the displacement is u0. In this test, since the viscoelastic material is only pressed and not pulled, the force and displacement values for each point on the curve are positive, and the origin of the coordinate is not at the center of the ellipse. When processing data, the local coordinate system F'- u' can be established with the center of the curve as the origin, as shown in Figure 7. Let the origin 0' coordinate of the local coordinate system be (x, y), the formula for calculating the equivalent stiffness of viscoelastic materials under compression in local coordinate system can be derived:
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Figure 8 shows the force-displacement hysteretic curves under different frequencies and displacement amplitudes. Table 2 shows the equivalent stiffness of the rubber column at the same displacement amplitude and different frequencies. Figure 9 shows the rubber column compression and recovery deformation test at amplitude 20 mm and frequency 1 Hz.
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FIGURE 7. Force-displacement hysteretic curve of viscoelastic materials in local coordinates.
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FIGURE 8. Hysteretic curves under different frequencies and displacement amplitudes. (A) 1 mm, (B) 2 mm, (C) 4 mm, (D) 6 mm.




Table 2. Same displacement amplitude equivalent stiffness as a function of frequency.
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FIGURE 9. Viscoelastic rubber column compression and recovery deformation test. (A) Deformation at amplitude 20 mm and frequency 1 Hz. (B) Deformation recovery capability after unloading.



It can be seen from Figure 8 and Table 2 that the equivalent stiffness gradually increases with increasing frequency and displacement amplitude of the sinusoidal load. These results show that the rubber column can provide greater rigidity under high frequency vibration, that is, it can effectively isolate and reduce vibration. It can be seen from Figure 9 that under the action of large displacement amplitude, the rubber column can withstand more than 57% of the compression displacement, and the thickness of the rubber column after unloading can be restored to the state before loading. The deformation of the material can be completely restored, and the material is still in the stage of elastic work. It indicates that the rubber column has strong elasticity and deformation recovery ability.

FORCE ANALYSIS AND ENERGY HARVESTING

In this paper, the size of the rubber column ring affects its stiffness and the deformation of the force, which indirectly affects the energy harvesting of the energy harvester. Here, the rubber column has been selected a diameter of 70 mm and an overall static height of 35 mm, which is similar to most sports heel heights and widths. In slow walking, the average single-leg force of a 70 kg male walking is 700 N, and the deformation of the rubber column is required to be 5 mm. When the equivalent stiffness of the rubber column is determined, the shape variable under the external force can be expressed as:
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Where, x is the compressed variable, and its unit is mm; F is the external force, and its unit is N. Therefore, the rubber column ring designed in this paper needs to have a stiffness of 140 N/mm. When the height of the rubber column is constant, its stiffness is proportional to the upper surface area. From the above, the stiffness data of a rubber column having a diameter of 70 mm and a height of 35 mm at different frequencies and different displacements is known. In the slow walking, referring to 0.1 HZ, the stiffness data under the loading condition of 6 mm is 900 N/mm. The planar circular area of the rubber column:
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Where, D is the diameter of the rubber column. It is desirable that the rubber column ring has a stiffness of 140 N/mm. The size of the rubber column ring is calculated as follows:

The upper circular surface area of the rubber column:
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The upper circular surface area of the rubber column ring:
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The diameter of the inner cylindrical hole:
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Take the diameter of the inner cylindrical hole to be 64 mm, the upper circular surface area of the rubber column ring:
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The calculated stiffness at this time:
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Therefore, the shape variable of the rubber column ring at 700 N:
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From the above calculation, the rubber column ring of 35 mm in height has an outer diameter of 70 mm and an inner hole diameter of 64 mm.

In this paper, the linear generator is placed on the central axis of the inner bore of the rubber column ring. The two series-connected coils of the linear generator are symmetrically wound in the opposite direction to the guiding device, and the coil guiding device has a specification of D50 × 25 mm. The coil is evenly wound by a 75 μm copper enameled wire with two series 1,000 turns. The permanent magnet in the linear generator is an N35 nickel-plated NdFeB magnet with a specification of D45 × 10 mm and a residual magnetization Br of 1.21T. The linear generator generates electricity according to the electromagnetic effect is shown in Figure 3. When the closed circuit is n-turn coil, the instantaneous electromotive force can be expressed as:
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Where, V0 is the induced electromotive force generated, and its unit is V; n is he number of turns of the coil; ΔΦ is the amount of change in the magnetic flux, and its unit is Wb; Δt is the time taken to change, and its unit is s. In a uniform magnetic field, the product of the magnetic induction B of the magnetic field and the area Sm of the direction perpendicular to the magnetic field is called the magnetic flux passing through this surface:
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Where, the unit of Φ is Wb, the unit of B is T and the unit of Sm is m2.

In the 1 s 1-step slow walking, the average single-leg force of a 70 kg male walking is 700 N, and the shape variable of the rubber column ring is 4.74 mm. Assuming that the permanent magnet is a uniform magnetic field, the magnetic field strength B is 1.21T, and the coil with a diameter of 50 mm is two series 1,000 turns. Moreover, when walking 1 step, the pressing and lifting time of the foot is equal. The voltage generated and energy harvested by the walking step is calculated as follows:

The area of the coil perpendicular to the direction of the magnetic field:
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When the shape variable is 4.74 mm, the number of effective coils in the magnetic field:
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The voltage generated by the 2 series coils in the 1-step of pressing and lifting:
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The DC voltage after tuning by the bridge rectifier:
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The energy charged by the 1-step in the capacitor:
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The energy charged by the 1 second in the capacitor:
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The 100 μF electrolytic capacitor full of energy time:
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The same situation can be calculated from the above studies. The energy harvesting in slow running and normal running is shown in Table 3. In 1 second 2-steps slow running, the average single foot force of a 70 kg male walking is 500 N. With reference to 0.5 HZ, and the stiffness data of the rubber column under loading of 4 mm is 1063.95 N/mm. It can be calculated that the stiffness of the rubber column ring at this time is 174.5 N/mm, and the deformation of the 500 N force is 2.87 mm. Also, it can be calculated that the DC voltage generated in 1 step can reach 3.932 V and the energy charged can reach 773.0 μJ. It can fill 100 μF electrolytic capacitor in about 40 s. Similarly, in 1 s 4-steps normal running, the average single-leg force of a 70 kg male running is 350 N, with reference to 2 HZ, and the stiffness data of the rubber column under loading of 2 mm is 1386.36 N/mm. It can be seen from the calculation that the stiffness of the rubber stud at this time is 227.36 N/mm, and the deformation of the 350 N force is 1.54 mm. It is calculated that the voltage generated by the 1-step compression force and the restoring force can reach 4.711 V. Regardless of the damage of energy, the voltage generated by the generator is theoretically 4.240 V after passing through the bridge rectifier, at this time, the energy charged of the capacitor is 898.9 μJ. It only takes 18 s to fill a 100 μF electrolytic capacitor.


Table 3. Different motion energy harvesting.
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CONCLUDING REMARKS

After research and analysis, the innovative multi-functional shoes analyzed in this paper uses the linear generators for energy harvesting, which simplifies the structure and improves the energy conversion rate. The heel support material adopts a rubber column, which satisfies the compression type variable similar to the spring and also reduces the impact of motion that increases the comfort of the shoes. Moreover, the rubber column is similar in material to the sole itself, so there is no compatibility problem and durability increases. This innovative multi-purpose shoe is a versatile shoe that combines charging, vibration reduction and heightening.
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