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Abstract

:

Energy harvesting has been attracting attention as a technology that is capable of replacing or supplementing a battery with the development of various mobile electronics. In environments where stable electrical supply is not possible, energy harvesting technology can guarantee an increased leisure and safety for human beings. Harvesting with several watts of power is essential for directly driving or efficiently charging mobile electronic devices such as laptops or cell phones. In this study, we reviewed energy harvesting technologies that harvest biomechanical energy from human motion such as foot strike, joint motion, and upper limb motion. They are classified based on the typical principle of kinetic energy harvesting: piezoelectric, triboelectric, and electromagnetic energy harvesting. We focused on the wearing position of high-power wearable biomechanical energy harvesters (WBEHs) generating watt-level power. In addition, the features and future trends of the watt-level WBEHs are discussed.
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1. Introduction


Wearable devices that can be worn by humans in daily life or in special environments have been highlighted with the development of portable electronic devices and IoT (Internet of Things) technologies. These devices are of various types and are available in forms such as smart glasses, smart clothes, biometric sensors, artificial joints, laptops, and mobile phones. They require power ranging from several mill-watts to several tens of watts for operation. The use of wearable devices consuming high amounts of power increases the weight of batteries that are carried together and requires periodic charging. For example, in modern warfare, soldiers carry a 7 kg-battery for 72 h operation of GPS devices, telecommunication equipment, and other equipment [1]. Heated clothing is used to warm the body in outdoor activities at cold temperatures, which requires a power of ~10 W and about 1 kg of Lithium-ion battery for a 10 h-usage [2]. Powered prostheses for walking consume up to 20 W with a 0.49 kg-battery, which should be charged approximately every 3 h [3]. Such high demand of power may not be fulfilled by batteries alone. Therefore, energy harvesting devices have been studied as an assistant energy source for batteries or independent energy sources for the permanent use of wearable devices without restrictions associated with power consumption. Human energy can originate from a chemical or a physical energy source [4]. Typical sources of physical energy include the thermal and kinetic energy of the human body. Wearable thermoelectric devices [5,6] convert heat from the human body into electricity of several μW continuously without affecting the human body. The human body generates kinetic energy in various forms by using muscles, such as foot strike; motions of joints such as ankle, knee, hip, arm, and elbow; and center-of-gravity (COG) motion of the upper body [7,8,9]. Among the human body motions, lower limb motions, such as ankle, knee, and hip motions induce high biomechanical energy because these joints generate a larger torque than other human joints, as listed in Table 1. In particular, during walking or gait motion, the abovementioned motions are periodically repeated, indicating that energy can be harvested continuously. The frequency of gait motion is normally about 0.5–3 Hz which corresponds to a walking speed of 1.3–7.8 km/h. Therefore, many studies have focused on harvesting biomechanical energy generated during gait motion.



Energy harvesting principles for mechanical kinetic energy include piezoelectric [10,11,12,13,14,15,16,17,18,19,20,21], triboelectric [22,23,24,25,26,27,28,29,30,31], and electromagnetic energy harvesting [1,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48], as shown in Figure 1. Electromagnetic generators can be categorized into two types, namely inertial induction [32,33,34,35,36,37,38,39] and gear-and-generator [1,40,41,42,43,44,45,46,47,48]. Piezoelectric energy harvesting is based on the piezoelectric effect, in which an electric charge accumulates in certain materials in response to applied mechanical stress. Piezoelectric materials include crystals, ceramics, polymers, and proteins. Triboelectric energy harvesting is based on the triboelectric effect, in which a material become electrically charged when it comes into frictional contact with another material. Once the two materials are charged, the displacement between two can generate an electric current through an electrode connecting them. The farther the two materials are in the triboelectric series, the more charge can be obtained. Electromagnetic energy harvesting generates electricity based on Faraday’s law. In inertial-induction-type energy harvesters, a permanent magnet is made to vibrate or oscillate relative to a coil using human motion. In gear-and-generator-type energy harvesters, the human motion is amplified by a gear train and the amplified motion is used to operate a rotary generator. Among these principles, inertial induction, piezoelectric, and triboelectric generators harvest relatively low amounts of power, of the order of several mW or lower, albeit with high power per unit volume or unit mass. Meanwhile, gear-and-generator-type energy harvesters are bulky and lead to high consumption of metabolic energy, but they can generate the highest power, up to 10 W.



To directly drive or to assist a mobile electronic device of watt-level power consumption, an energy-harvesting device must generate watt-level electric power. Considering only generated power, the gear-and-generator-type electromagnetic energy harvester is the best candidate, and other types of energy harvesters cannot be used individually to generate high power. However, considering growing power requirements and the applications of various power ranges, combining energy harvesters based on two or more different principles is more effective than using a gear-and-generator type alone.



In this paper, we investigated wearable biomechanical energy harvesters (WBEHs) that harvest biomechanical energy from human body motion (especially from walking) and categorized them based on the working principles. This is followed by a focused review on a few representative wearable energy harvesters with watt-level output power. Finally, we discuss the features of high-power wearable energy harvesters, their applications, and future trends.




2. Biomechanical Energy Harvesting: Principles


This section introduces four representative principles of WBEHs and related studies. We screened these studies carefully to ensure they include actual experimental results from human motion. Thus, the sources of biomechanical energy and power outputs of WBEHs are listed and compared.



2.1. Piezoelectric Energy Harvester (PEH)


A piezoelectric energy harvester (PEH) uses the piezoelectric effect to generate electricity when force is applied. A polyvinylidene fluoride (PVDF) film [12,14,16,17,18], lead zirconate titanate (PZT) stack [13], and PZT bimorph [15,16,19,20,21] have been used as piezoelectric materials for a wearable PEH. Table 2 lists recently reported wearable PEHs. Although PEHs have a low-power output, of mW-level, and poor efficiency in low-frequency regime [18], they have a small footprint in terms of volume and generates electricity even when the displacement is small. PZT is fragile and weak when subjected to shear force. However, flexible and stretchable piezoelectric devices have recently been developed and applied for harvesting energy from natural motions of internal organs [10]. In order to maximize the piezoelectric effect, it is necessary to install the PEH in a part of the human body that is subjected to a large compressive or tensile force. In many studies, PEHs were implemented in the shoe soles at the point where the foot applies the highest pressure in the human body [14,15,16,17,18,19]. In some cases, repetitively applied tensile force is converted into electrical energy by the COG motion of an inertial load [12,13]. Even in the absence of the direct compression/tension by the human body, vibrational energy can be converted into electrical energy by PEHs. When the piezoelectric strip is plucked mechanically or magnetically by knee motion, it vibrates and generates electric power [20,21].




2.2. Triboelectric Nanogenerator (TENG)


A triboelectric nanogenerator (TENG) is an energy harvesting device that uses triboelectrification and electrostatic induction principle. It has been attracting increasing attention since it was proposed by Wang [23] in 2012. In these devices, charges occur due to the friction between two polymers or between a polymer and a metal. Therefore, electric potential is generated owing to variations in the distance between the two materials. The efficiency of TENG depends on the triboelectric material, surface condition, contact speed, and contact area used for charging. TENGs can be configured to be light weight, flexible, and easily scalable. Generally, TENG has a high open-circuit voltage (VOC) of up to several hundreds of volts and peak short-circuit current (ISC) output for a short time, ranging from several milliseconds to several hundred milliseconds during contact or release. Thus, it is difficult to obtain a large amount of power because human body movement or human walking has a low frequency, corresponding to less than a few hertz. TENG has been reported to exhibit an instantaneous energy conversion efficiency of approximately 70% [24], but the average efficiency is reported to be only 10.6% [25] because of the output characteristics mentioned above. Moreover, reliability issues such as wear and humidity have not been resolved yet.



Table 3 lists wearable TENGs. With respect to the characteristics of TENG, the foot seems the most ideal among the human body parts, because it provides high impact velocity and conformal contact. Therefore, most extant studies on TENGs have focused on energy harvesting using foot-strike. The power output of TENGs is mW level, which is similar to that of PEHs. In the early stages of development, power of TENGs was not defined clearly. In such cases, we have presented the VOC and ISC values instead because the product of these two values approximates peak power. The power output of these devices can be increased by using multilayer [49] or tandem structures [50].




2.3. Electromagnetic Energy Harvester: Inertial Induction Type


Inertial induction is an energy harvesting method that involves generation of electromagnetic induction current through the relative movement of a permanent magnet or a coil. Because the power output of inertial induction is proportional to the linear velocity of magnet and coil, they are located mostly on the feet or arms, where the linear velocity is maximized in a human body. There are various types of inertial induction based on the arrangement of coils and magnets, as listed in Table 4. Typically, an axially magnetized permanent magnet oscillating inside a cylindrical coil along the axis of the coil is used [32,35,37,39]; in other cases, the permanent magnet oscillating radially at the end of the coil is used [36,38]. The oscillation evoked by human motions is maintained by using mechanical spring [36], magnetic spring [32,35,39], or both [37]. Some energy harvesters use human joint motion directly for achieving relative movement between a permanent magnet and a coil [33,38]. This method allows for a simple and compact energy harvester that does not significantly affect human body motion. However, the generated power is limited to a few mW, and the low output voltage may need a complex power conversion circuit. Moreover, because it is not easy to match the mechanical resonance frequency of the device with a low frequency of human motion such as walking, which has a frequency less than 10 Hz, maximum power conversion efficiency cannot be guaranteed.




2.4. Electromagnetic Energy Harvester: Gear-and-Generator Type


The method of operating a rotary electric generator is a classical power generation technique. Devices based on this technique generate significantly higher power than those based on other techniques. As can be inferred from Table 5, with such devices, it is possible to harvest energy by using the center-of-gravity movement of the upper body, the foot-strike, lower limb movement, and knee joint motion is possible, and watt-level power can be generated at normal walking speed [1,40,41,42,43,44,45,46,47,48]. To develop an appropriate voltage of approximately 5–24 V from a portable rotary generator, it is necessary to achieve a rotation speed of 3000–6000 rpm by amplifying the speed of the human body motion using the gear train. Linear motion of inertial mass, such as foot-strike and COG movement, is converted into a rotational motion of the generator by a rack gear. Rotational motion such as knee joint motion, is amplified using a multi-stage gear train to match the rated speed of the generator, thus optimizing power conversion efficiency. In the case of gear and rotary generators, reaction torque [51] developed at the time of power generation is transmitted to the human body, leading to consumption of a corresponding amount of metabolic energy.



Despite their large reaction torque and bulky structure, gear-and-generator-type energy harvesters have become meaningful in biomechanical energy harvesting owing to the emergence of research on using negative work [8] in human gait motion. Negative work refers to metabolic energy consumed by joints during a decelerating motion. The mechanical energy conversion efficiency of metabolic energy during gait motion exceeds that of all of the other body motions because negative work is stored in and reused by the muscles [52]. Niu et al. [7] proposed that if a generator that absorbs negative work is placed on the knee, it is possible to harvest electrical energy and simultaneously reduce the burden on the muscles. Donelan et al. [47] implemented the above idea in the form of a knee generator. The details of the knee generator will be explained in Section 3.4.




2.5. Device Efficiency


Table 6 presents the device efficiencies of several wearable energy harvesters. Device efficiency refers to the ratio of harvested electrical energy to input mechanical energy. The device efficiencies of conventional energy harvesters are 10–70%. The device efficiency of a gear-and-generator-type electromagnetic energy harvesters is relatively higher than those of other types of energy harvesters. Because PEHs have the highest efficiency at natural frequencies of the order of kHz [53], their efficiency is low in low-frequency regimes such as human motion. Moreover, the impulsive output of triboelectric energy harvesters leads to a low device efficiency when averaged at low frequencies. Thus, electromagnetic energy harvesters seem to be the best candidate for high-power WBEH owing to their high power output and high device efficiency.



In addition to device efficiency, circuit efficiency of the power conversion circuit used in such devices affects overall efficiency in terms of producing a usable DC output for use in electronics or batteries [54]. A power conversion circuit typically includes a rectifier, AC-DC converter, and voltage conditioning circuit [55,56]. To maximize circuit efficiency, the circuit impedance should be matched with that of the energy harvesting device. The details of the power conversion circuit are beyond the scope of this paper.





3. Review of High-Power Wearable Biomechanical Energy Harvesters


As described in Section 2, watt-level power output of gear-and-generator is unique among WBEHs. This section describes the features of gear-and-generator-type WBEHs based on source of human mechanical motion.



3.1. Figure-of-Merit for Wearable Biomechanical Energy Harvesting


In WBEHs, device efficiency cannot represent the interaction between the device and human muscles. During human motion, muscles perform negative work that a WBEH can replace, thus, simultaneously reducing metabolic energy consumed by muscles. To quantify muscle effort required for generating electrical power, two figures-of-merit have been proposed. First, cost of harvesting (COH) is proposed in [44]. COH is defined as the additional metabolic power in watts required to generate 1 W of electrical power compared to the metabolic power for a harvester in the disengaged mode. In the disengaged mode, transmission or gear is disengaged manually so that it is never in motion [51]. COH of conventional energy harvesters, which do not use negative work, can be expressed as follows [47]:


   C O H =  1   (  E H   d e v i c e   e f f i c i e n c y  )     (  m u s c l e   e f f i c i e n c y  )      



(1)







Given that the efficiency of human muscle is approximately 25%, which is similar to that of an internal combustion engine [58] and the maximum device efficiency of a conventional energy harvester is approximately 70%, the lowest possible COH of conventional energy harvesters is 5.7. The COH of WBEHs using negative work, is expressed as follows [44]:


   C O H =   M e t a b o l i c   p o w e r   w i t h   E H   o n − M e t a b o l i c   p o w e r   w i t h   E H   o f f   e l e c t r i c a l   p o w e r     



(2)







If a WBEH harvests negative work of muscles, thus reducing metabolic power consumed by them, muscle efficiency can be increased up to 120% [46] and even COH can be reduced to be less than 1 [47]. However, COH does not consider metabolic energy required for carrying the weight of the energy harvester itself. Thus, TCOH (total cost of harvesting) is proposed for a fundamental comparison with the absence of a harvester [46], and it is expressed as follows:


   T C O H =   M e t a b o l i c   p o w e r   w i t h   E H   o n − M e t a b o l i c   p o w e r   w i t h o u t   E H   e l e c t r i c a l   p o w e r     



(3)







TCOH means total metabolic power required for carrying and activating the WBEH, and it is a better metric for quantifying the user’s overall effort in harvesting electrical energy [46]. To ensure TCOH is low, the energy harvester should be light weight and be located near the human COG.




3.2. COG Motion


The COG of the upper body moves up and down while walking. To effectively convert this COG movement into electrical energy, several researchers implemented energy harvesters in the form of a backpack. The backpack energy harvester developed by Rome et al. [40] in 2005, as shown in Figure 2, is a pioneering work. This energy harvester converts COG motion of a moving load into rotational motion of a generator through a rack gear and pinion system. Bushings constrained to vertical rods are used to move the load up and down freely, and a spring is used to restore movement of the moving load. The backpack energy harvester outputs 5.6 W when worn by a person walking at 5.6 km/h with 38 kg of moving mass. However, this harvester has a high TCOH value [46] because of its large moving mass; thus, it is effective when a large load is originally required. Xie et al. [41] further optimized the backpack energy-harvesting mechanism. For a higher power generation, two pairs of a rack gear and generator were used. They achieved a power of 4.1 W with a 15 kg moving mass at the same walking speed as that in [40].



The direct connection between the rack gear and generator in the aforementioned energy harvesters results in several problems: The gears and generator shaft experience reverse stress, which shortens their fatigue lifetime. Moreover, because the rotation direction keeps changing, the resulting rotational inertia of the generator reduces energy conversion efficiency. Moreover, because alternating current is generated, a rectifying circuit must be used to produce a direct-current, and this inevitably causes power loss. Yuan [1] has recently proposed a backpack energy harvester, as shown in Figure 3, using a mechanical motion rectifier (MMR) to solve the above problems. The MMR uses a rack gear and one-way bearing to convert bi-directional body movements to unidirectional rotation of the generator. Thus, under the same conditions as those in [41], this device exhibits an increased output of 4.8 W.




3.3. Foot-Strike


A foot-strike WBEH uses the impact or pressure generated by the foot while walking. Hayashida [14,42] implemented an energy harvester in the heel of a shoe using a gear train, belts, and two generators, as shown in Figure 4. The lever protruding from the outsole of a shoe is rotated each time a footstep is taken, and the end of the lever is connected to the gear train driving the generator by belts. With this device, it is possible to generate power for about 10% of the time spent walking. A low output of 59 mW is obtained owing to the short duration of power generation and low mechanical efficiency of the belt. Purwadi et al. [43] implemented a foot-strike energy harvester using gears and a generator without belts to achieve an increased output of 110 mW while walking.



Figure 5 shows a new energy harvester proposed by Xie [44]. This device is mounted on a shoe heel, and it amplifies foot-strike motion using a trapezoidal sliding mechanism and transmits the amplified motion to a generator through a rack and gear train. Four vertical springs and two horizontal springs are employed to provide a restoring force for the trapezoidal slider mechanism, and this configuration allows the harvester to generate electricity during the return motion. This harvester achieved the highest output of 1.39 W among foot-strike energy harvesters.



Instead of direct foot-strike motion, inertial impact and vibration caused by foot strike can be utilized for energy harvesting. Recently, Xie [42] has developed a miniaturized energy harvester, presented in Figure 6, based on the same principle as that proposed in [40] and installed on the ankle. Using the inertial vibration generated by foot-strikes, it achieves an output of 0.35 W at a fast walking speed of 7.2 km/h.




3.4. Lower Limb (Leg Motion)


In gait motion, the lower body repeats motion relative to the upper body. As shown in Figure 7, Shepertycky et al. [46] proposed an energy harvester in which a cable connects the hip and the ankle, and electricity is generated using linear displacement of the cable due to walking. The harvester was placed directly under the waist because its position significantly affects biomechanical energy required to shift the weight of the harvester. The cable was wound on a pulley to generate rotational motion and to transmit the generated rotation to the gear connected to the roller clutch. The roller clutch transferred rotation only to the gear when the cable was stretched, and it did not transmit rotation when the cable contracted. This mechanism has the same effect as generative braking [47], which is explained in Section 3.5, because it helps knee flexor muscles to slow down the knee in the latter half of the swing phase of the leg. The energy harvester generates 5.6 W at a walking speed of 5.6 km/h. Finally, a TCOH of 4.0 is obtained (i.e., total metabolic energy consumed to generate 1 W of electrical energy corresponds to 4 W).




3.5. Knee Motion


Theoretically, a knee joint allows for harvesting of the most amount of energy among the joints in the human body. In 2008, Donelan et al. [47] proposed a gear-and-generator-type wearable energy harvester that converts rotational motion of the knee joint into electrical energy, as shown in Figure 8. This energy harvester is equipped with a three-stage gear train that converts low velocity and high torque at the knee into high velocity and low torque for the generator, by means of a one-way roller clutch that allows for the selective engagement of the gear train during knee extension and no engagement during knee flexion [47]. When the gear train is engaged, the generator generates a current through the electric load. At the same time, generator torque is generated from the current, which is amplified by the gear train and finally presented as reaction torque to knee muscles. A computer-controlled feedback system determines when to generate power using knee-angle feedback and relay switch, and the knee angle is measured with a potentiometer mounted on the input shaft [47].



The knee energy harvester generates an electricity base on a technology called generative braking, which is analogous to regenerative braking in hybrid cars. Figure 9 explains generative braking with the positive and negative work during gait motion. The generator generates the electricity only during the negative work phase, providing reaction torque to the knee, and this torque helps the muscle to decelerate the knee joint while reducing negative work. Thus, generative braking reduces the consumption of metabolic energy and leads to higher efficiency as compared to continuous generation. For this purpose, a one-way roller clutch is used to engage the generator with the gear train only in the latter half of the swing phase. Furthermore, the on-off state of the relay switch is controlled based on knee-angle feedback to maximize generator output. Consequently, the device produces 4.8 W of power while walking at 5.6 km/h. In this case, COH is less than 1, which means that less than 1 W of additional metabolic energy is consumed for 1 W of harvested electrical energy.



Chen et al. [48] also developed a knee energy harvester, as shown in Figure 10. To solve the rectifying issue described in Section 3.2, they installed one-way bearings and gear sets in two opposite directions to transfer the reciprocating rotational motion of the legs unidirectionally to the generator. With this device, they generate 3.6 W using continuous energy harvesting method. Additionally, the weight of the entire device was reduced by 30%, compared with that in [47], by using a plastic shell.



Recently, a company have commenced work to commercialize the knee harvester shown in Figure 11. PowerWalk® is being developed to have a power output of 10 W while walking at 5 km/h on a flat ground; the target device weight is 900 g per leg [59].





4. Concluding Remarks and Future Perspectives


In this paper, we reviewed WBEHs, which harvest human kinetic energy. We categorized these devices based on their energy harvesting principles as follows: triboelectric, piezoelectric, and electromagnetic energy harvesting. We focused on high-power energy harvesters. For various human motions, the design, mechanism, and performances of the representative high-power energy harvesters were explained. Human gait motion was of interest in this review because it simultaneously provides high power and high efficiency. For watt-level power energy harvesting, a gear-and-generator-type electromagnetic energy harvesters were found to be practical.



In the future, WBEHs will be developed along two major directions. The first is low-power and low-burden energy harvesters to supply power to wearable devices such as implantable power sources in humans/animals [22]. Such devices should be light weight, and their consumption of metabolic energy should be negligible to ensure the wearer does not feel discomfort. Flexible and stretchable devices would be suitable for these applications [10]. Thermoelectric, triboelectric, piezoelectric, and inertial induction methods will be used, and the outputs will ranges from several μW to several mW. Miniaturization of power conversion circuits and battery systems could be of interest. The second direction is high-power WBEHs for charging mobile electronic devices such as laptops, cell phones, and radios. The gear-and-generator method is a promising solution to generate more than 10 W. The resulting high-power WBEHs would be essential for military or leisure purposes from the viewpoint of enhancing safety, efficiency, and survival [59]. In addition to high power, it is essential to ensure low metabolic energy consumption (COH, TCOH). To improve power output and efficiency of WBEHs, their mechanical design should be optimized, for example, by developing gear trains with small form factors and low friction, and though precise alignment of shafts and bearings [60]. Such WBEHs must be sufficiently light weight to reduce metabolic energy consumed in carrying them. To this end, the weight of bearings, gears, and frames, which are essential mechanical elements of these devices, should be reduced [50]. New materials such carbon fibers, ceramics, and composite polymers could be considered as materials for chassis, gears, and bearings. Generative braking or the use of negative work can be expanded to other human motions such as those of the ankle or hip. Finally, combinations of different types of WBEHs can be used viably for stable power generation under various circumstances.
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Figure 1. Electrical energy produced by human biomechanical energy sources and four typical principles of kinetic energy harvesting: piezoelectric (PE), triboelectric (TB), inertial induction type (EM-I), and gear-and-generator type (EM-G) of electromagnetic energy harvesting. 
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Figure 2. Backpack energy harvester: The pack frame is fixed to the body, but the load, mounted on the load plate, is suspended by springs (red) from the frame (blue): (A) During walking, the load is free to ride up and down on bushings along vertical rods; (B) [40]. Reproduced with permission from the American Association for the Advancement of Science. 
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Figure 3. Backpack energy harvester using a mechanical motion rectifier (MMR) [1]. A power-take-off unit (PTO) consists of a MMR and a generator. The MMR uses a rack gear and a one-way bearing to convert bi-directional body movements to a unidirectional rotation of the generator. One end of the rack gear is fixed to the human body and the PTO moves up and down with the moving board supported by springs. Reproduced with permission from the Society of Photo Optical Instrumentation Engineers (SPIE). 
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Figure 4. Foot-strike wearable energy harvester implemented in an outsole using a three-stage gear train and generator [14]. When the foot strikes the ground, a lever rotates the gear train transmitting the rotational motion to the generators via belts. Reproduced with permission from the IEEE. 
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Figure 5. Foot-strike wearable energy harvester using a trapezoidal motion amplifier [44]: (a) 3-D model of in-shoe energy harvester; (b) harvester assembled in the heel area of a shoe; (c) front view; and (d) overview of the harvester prototype. Reproduced with permission from the IEEE. 
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Figure 6. Foot-strike wearable energy harvester using inertial motion [45]: Schematic of the energy harvester (left) and energy harvester mounted on the ankle (right). Reproduced under a Creative Commons Attribution CC-BY 3.0 license. 
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Figure 7. Lower-limb driven wearable energy harvesters [46]: (A) schematic of device components; (B) schematic view of the device worn by the user. Reproduced under a Creative Commons Attribution CC-BY 4.0 license. 
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Figure 8. Knee wearable energy harvester with generative braking: (A) Conceptual drawing of the knee energy harvester; (B) its configuration of the knee energy harvester; and (C) schematic diagram of computer-controlled feedback system [47]. Reproduced with permission from the American Association for the Advancement of Science. 
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Figure 9. Generative braking [47]. Harvesting energy from negative work: (A) cyclic motion of limb without an energy harvester, (B) with continuous generation, and (C) with generative braking. Reproduced with permission from the American Association for the Advancement of Science. 
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Figure 10. Knee wearable energy harvester with unidirectional generator rotation [48]. Reproduced with permission from IOP Publishing. 
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Figure 11. PowerWalk® knee energy harvester [59]. 
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Table 1. Biomechanical power from human motion [7,8,9].
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	Joint/Motion
	Work (J/step)
	Power (W)
	Max Moment (Nm)
	Negative Work (%)





	Foot strike
	1–5
	2–20
	-
	50



	Ankle
	33.4
	66.8
	140
	28.3



	Knee
	18.2
	36.4
	40
	92



	Hip
	18.96
	38
	40–80
	19



	Elbow
	1.07
	2.1
	1.2
	37



	Center of gravity (COG) *
	10
	20
	-
	-







* With 20 kg payload [9].
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Table 2. Wearable piezoelectric energy harvesters.
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	Author, Year
	Source
	Material
	Power (mW)
	Size (mm3)
	Weight (kg)
	Reference





	Granstrom, 2007
	COG
	PVDF
	9.1 mW @ 1 Hz (1)
	1016 × 51 × 0.052
	0.0035
	[12]



	Feenstra, 2008
	COG
	PZT
	0.15 mW @ 1 Hz (2)
	-
	0.3
	[13]



	Shenck, 2001
	Foot strike
	PZT
	8.4 mW @ 1.1 Hz
	50 × 50 (insole)
	-
	[14]



	Howells, 2009
	Foot strike
	PZT
	90.3 mW @ 1 Step
	88.9 × 79.4 × 42.9
	0.455
	[15]



	Rocha, 2010
	Foot strike
	PVDF
	0.013 mW @ 1 Step
	Outsole
	-
	[16]



	Zhao, 2014
	Foot strike
	PVDF
	1 mW @ 1 Hz
	80 × 50 (insole)
	-
	[17]



	Jung, 2015
	Foot strike
	PVDF
	0.5 mW @ 0.5 Hz
	70 × 40 × 0.6
	0.018
	[18]



	Fan, 2017
	Foot strike
	PZT
	0.35 mW @ 8 km/h
	45 × 30 × 24
	0.0223
	[19]



	Kuang, 2016
	Knee
	PZT
	3.5 mW @ 0.9 Hz
	226000
	0.235
	[20]



	Kuang, 2016
	Knee
	PZT
	5.8 mW @ 0.9 Hz
	-
	-
	[21]







(1) Recalculated at 1 Hz. Original data corresponds to 45.6 mW at 5 Hz. (2) Recalculated at 1 Hz. Original data corresponds to 0.4 mW at 2.75 Hz.
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Table 3. Wearable triboelectric energy harvesters.
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	Author, Year
	Source
	Power
	Size (mm3)
	Weight (kg)
	Reference





	Yang, 2013
	COG
	VOC = 428 V, ISC = 1395 μA

1.17 W (peak)
	-
	2
	[25]



	Hou, 2013
	Foot strike
	1.4 mW (peak)
	270 × 50 × 3
	-
	[26]



	Zhu, 2013
	Foot strike
	VOC = 220 V, ISC = 600 μA
	Insole
	-
	[27]



	Huang, 2015
	Foot strike
	2.1 mW @ 1.8 Hz
	Insole
	-
	[28]



	Cheng, 2015
	Foot strike
	VOC = 810 V, ISC = 17.7 μA
	Insole
	-
	[29]



	Zhang, 2015
	Foot strike
	4.9 mW (peak)
	50 × 50 × 25
	0.06
	[30]



	Haque, 2016
	Foot strike
	0.25 mW @ 0.9 Hz (rms)
	13,300 × 2
	-
	[31]
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Table 4. Wearable electromagnetic energy harvesters (inertial induction).
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	Author, Year
	Source
	Power (mW)
	Size (mm3)
	Weight (kg)
	Reference





	Saha, 2008
	COG
	2.5 mW @ 2.75 Hz
	Φ17 × 55
	-
	[32]



	Duffy, 2004
	Foot
	8.5 mW @ 1 Hz
	Φ15 × 45
	-
	[33]



	Rao, 2013
	Foot
	0.3 mW @ 4 km/h
	100,000
	0.217
	[34]



	Ylli, 2015
	Foot
	0.84 mW @ 6 km/h
	21,000
	-
	[35]



	Wu, 2017
	Foot
	2.3 mW @ running
	46 × 51 × 10
	-
	[36]



	Morais, 2011
	Hip
	6.5 mW @ 1.85 Hz
	3760
	0.0153
	[37]



	Dai, 2014
	Hip
	0.1 mW @ 5.3 km/h
	Φ80 × 10 (except link)
	0.48
	[38]



	Geisler, 2017
	Arm
	3.94 mW @ 6.4 km/h
	9000
	0.02
	[39]
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Table 5. Wearable electromagnetic energy harvesters (gear-and-generator).
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	Author, Year
	Source
	Power (W)
	Size (mm3) or Shape
	Weight (kg)
	Efficiency (%)
	Reference





	Rome, 2005
	COG
	5.6 W @ 5.6 km/h
	Backpack
	38
	30–40
	[40]



	Xie, 2015
	COG
	4.1 W @ 5.6 km/h
	Backpack
	15
	-
	[41]



	Yuan, 2017
	COG
	4.8 W @ 5.6 km/h
	Backpack
	15
	-
	[1]



	Hayashida, 2000
	Foot
	0.059 W @ 1 Hz
	Outsole
	-
	-
	[42]



	Purwadi, 2015
	Foot
	1.1 W @ 7.2 km/h
	59 × 31 × 25
	0.5
	26.7–42.9
	[43]



	Xie, 2015
	Foot
	1.39 W @ 5 km/h
	80 × 47 × 22
	0.137
	57
	[44]



	Xie, 2016
	Foot
	0.35 W @ 7.2 km/h
	98 × 70 × 20
	0.126
	51
	[45]



	Shepertycky, 2015
	Lower limb
	5.2 W @ 5.6 km/h
	-
	2.66
	70
	[46]



	Donelan, 2008
	Knee
	4.8 W @ 5.4 km/h
	Knee brace
	1.6
	56
	[47]



	Chen, 2017
	Knee
	3.6 W @ 5.4 km/h
	145 × 66 ×67
	0.44
	-
	[48]
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Table 6. Device efficiency of wearable energy harvesters.
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	Type
	Piezoelectric
	Triboelectric
	Electromagnetic (Inertial Induction)
	Electromagnetic (Gear-and-Generator)





	Device efficiency (%)
	12–16 [20], 10 [57]
	10.6 [25]
	45 [39]
	30–40 [40], 26.7 [43], 57 [44], 70 [46], 56 [47,51]











© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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