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Abstract: The human body contains a near-infinite supply of energy in chemical, thermal, and mechanical forms. However, the majority of implantable and wearable devices are still operated by batteries, whose insufficient capacity and large size limit their lifespan and increase the risk of hazardous material leakage. Such energy can be used to exceed the battery power limits of implantable and wearable devices. Moreover, novel materials and fabrication methods can be used to create various medical therapies and life-enhancing technologies. This review paper focuses on energy-harvesting technologies used in medical and health applications, primarily power collectors from the human body. Current approaches to energy harvesting from the bodies of living subjects for self-powered electronics are summarized. Using the human body as an energy source encompasses numerous topics: thermoelectric generators, power harvesting by kinetic energy, cardiovascular energy harvesting, and blood pressure. The review considers various perspectives on future research, which can provide a new forum for advancing new technologies for the diagnosis, treatment, and prevention of diseases by integrating different energy harvesters with advanced electronics.
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1  Introduction

The latest innovations in wearable and implantable devices have drawn considerable academic and industrial interest because of their prominent use in care management, disease prevention applications, treatment, and diagnosis [1–3]. Most applications are still powered by batteries, but small battery capacity and large battery sizes pose obstacles. Moreover, a higher battery capacity is undesirable because battery capacity and battery volume are usually related linearly [4,5].

Up-and-coming technologies have been created to derive energy from the natural environment by using energy harvesters for power generation. Energy harvesters can supplement battery lifespan or act as a single power supply by extending the battery life of wearable and implantable devices [4,5].

While many energy sources are relevant to harvesters, including sunlight, environmental IR light, and inductive coupling for radio-frequency energy [6], living entities are particularly favorable sources of energy given their large number and the diversity of available sources of energy [7,8]. For example, theoretical calculations showed that heating, breathing, and walking could produce 2.8–4.8 W, 0.83 W, and 60 W, respectively [7]. Although these power sources can provide excellent accommodation for the service of a pacemaker (50 μW for 7 years), a hearing aid (1 mW for 5 days), or a smartphone (1W for 5 h) [9], proof of the viability of such electronics is needed.

Owing to the different approaches to energy harvesting from live topic electronics, this review paper specifically focuses on power energy harvesting from the human body. Examples of using the human body as an energy source include thermoelectric generators, energy harvesting using kinetic energy, and energy harvesting using the cardiovascular system and blood pressure.

2  Energy Harvesting Using Thermoelectric Generators

The thermoelectric generator principle refers to harvesting energy resulting from the differences between two surfaces; one is hot while the other is cold. For human body temperature, the skin is usually hot (around 32°C) while the ambient temperature is cold (depending on the weather and other surroundings), as shown in Fig. 1.Thermal Energy Generators (TEGs) are solid-state devices that convert temperature differences to energy using the Seebeck effect, which can power medical devices [10]. Thus, thermal properties and thermal resistance should be considered during device optimization to attain the maximum power from wearable self-powered TEGs.
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Figure 1: TEG placed between the skin and ambient surface

Reference [11] used 12 thermoelectric columns of (Bi-Sb-Te) P-type and (Bi-Se-Te) n-type materials fabricated by dispenser printing and involved experiments on different body locations, including the wrist, upper arm, chest,TEG was further fabricated into a T-shirt (as an uncontrolled hot surface) (Fig. 2). The generated power was ordered from highest to lowest value on the upper arm (power density generated » 20 µW/cm2) and then the wrist (power density generated » 12 µW/cm2), the chest (power density generated » 8 µW/cm2), and the T-shirt (power density generated » 6 µW/cm2), with ΔT » 7°C for all measurements.
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Figure 2: (a) TEG device on the skin over the chest area; (b) TEG device on the wrist

Reference [12] added the four layers from the previous study for a total of 18 thermocouples of P-type and N-type thermoelectric blocks welded on a flexible printed circuit board (FPCB). The prototyped TEG produced an output power of 8.3 μW ΔT of 11 K. When the TEG was worn on the wrist, it had an output power of 130.6 nW at ΔT of 7 K.

Reference [13] proposed thermoelectric nanocomposite materials based on microwave-based bismuth telluride alloys. The TEG produced 44 µW/cm2 under no airflow condition and 156.5 µW/cm2 under the airflow condition.

Reference [14] proposed a fabricated TEG composed of stretchable rigid P and N-type thermoelectric legs connected in a series. The authors used liquid metal as interconnections between the thermoelectric legs to provide high stretchability and low electrical resistance. When worn on the wrist, the proposed TEG produced a power density of » 35 μW/cm2 at air velocities corresponding to that of the average human walking speed.

Moreover, reference [15] proposed stretchable thermoelectric P-and N-type legs linked in sequence. The authors used liquid metal as interconnections between thermoelectric legs to provide a low electrical resistance stretch capacity. However, when worn on the wrist, the proposed TEG generated a power density of »35 μW/cm2 at air speeds corresponding to humans’ average walking speed. Reference [16] proposed a prototype assembled with cellulose nanofiber and (Bi-Te) biocomposite film. The TEG prototype generated an output power of 561 nW at an experimental ΔT = 60°C, while the output voltage was ~3 mV, with ΔT of 15°C. Reference [17] developed one-dimensional PEDOT: PSS fibers that exhibited a high tensile strength. The prototype fibrous TEG consisted of five pairs of p-type PEDOT: PSS fibers and n-type wires that delivered an output power density of ~1.79 μW/cm2 at ΔT = 10°C.

Reference [18] proposed two energy harvesters for IoT applications. The first utilizes RF signals while the second is of interest because it represents a TEG composed of two plates. A hot plate, fabricated with aluminum, and a cold plate, also manufactured with aluminum, are used as a heat diffuser, as shown in Fig. 3. The insulator is made of Teflon, which is inserted between the two cold plates. The harvested energy at ΔT = 15°C was 0.530 J.
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Figure 3: Two Aluminum plates TEG

Reference [19] proposed a TEG architecture composed of electrically and thermally conductive liquid metal embedded elastomer (LMEE) composites with integrated arrays of n-type and p-type Bi-Te. The TEG generated voltages of 59.96 mV, 130 mV, and 278.6 mV at ΔT of 10°C, 30°C, and 60°C, respectively. Reference [20] proposed a highly efficient, flexible thermoelectric generator (f-TEG) that utilizes bismuth telluride grains assembled on flexible polyimide substrate for wrist-wearing applications. They found that the generated power density was » 3.5 μW/cm2, and it reached 64.1μW/cm2 under a wind speed of 2.5 m/s (corresponding to average walking speed).

Reference [21] used an electrically conducting sewing thread to produce a polymer-based textile TEG. It produced a power of 1.2 μW at ΔT = 65 K and 0.2 μW at ΔT = 30 K. Reference [22] developed a wearable double-chain thermoelectric generator (DC-TEG) to integrate thermal energy harvesting and capacitance-based multi-functional sensing. The proposed DC-TEG was fabricated using a screen-printing process to print B-Te-Se (n-type)- and Sb-Te (p-type)-based thermoelectric inks, thus forming double-chain thermocouples. The DC-TEG produced an open-circuit voltage of 151 mV at ΔT = 50°C, which was stored in capacitors to achieve DC voltage » 3.3 V.

Reference [23] achieved a high thermo-generated peak power of 5 µW in a gelatin-based ionic-thermoelectric (i-TE) material utilizing the thermo-diffusion effect and thermo-galvanic effect (a thermo-galvanic cell is a galvanic cell in which heat is employed to provide electrical power). Reference [24] integrated TEG and storage batteries. Their proposed TEG consists of 96 thermocouples that delivered a power density of up to 8.7 µW/cm2; the output voltage was around a few tens of millivolts. They used Li-S batteries to store energy and achieve an output voltage » 2.4 V, which is suitable for most medical sensors. Reference [25] wove textile from thermoelectric fibers to produce an unobtrusive thermoelectric module. Mutually doped carbon nanotube fibers wrapped with acrylic fibers are woven into π-type thermoelectric modules. This textile generator produced an output power density of 70 mW/cm2 at ΔT = 44 K and excellent stretchability.

Finally, reference [26] proposed a flexible thermoelectric generator (F-TEG) placed on the chest, where a polyimide (PIM) flexible substrate provides low thermal conductivity and minimizes heat loss through the n-B-Te thermoelement. The F-TEG generated a maximum output power 1.20 mW/cm2 at ΔT between 5 K and 7 K. Reference [27] developed a flexible and wearable wristband thermoelectric consisting of seven fiber-based pairs of P-N legs, which generated a maximum voltage of ~0.18 mV at ΔT = 10°C. Moreover, the generated power reached up to 101.51 pW after swinging the arm for 5 min.

3  Energy Harvesting from Heartbeat (Cardiovascular System):

The human heart is an organic pump that circulates blood throughout the body via the circulatory system; a human adult heart pumps about 6,000–7,500 liters of blood daily [27]. The heart has the stamina of 42.5 billion cycles within 70 years of life; this continuous heart movement has been utilized in different ways to harvest energy. Reference [28] proposed a mass-imbalance oscillation generator consisting of a commercial automatic wristwatch (after removing all unnecessary parts to reduce weight). A clock was used as an energy-harvesting device to convert the kinetic energy from the wearer’s cardiac wall motion to electrical power. The authors also developed a mathematical model to optimize the device’s configuration. They conducted in vitro and in vivo experiments. In the in vitro experiment, an arm robot accelerated the clock by reproducing the cardiac motion, while in vivo experiment, the device was attached to a sheep heart for one hour. The generated power for the in vitro was 30 µW, and in vivo, it was 16.7 µW.

Reference [29] proposed linear low-frequency and nonlinear mono-stable and robust bi-stable harvesters for heart rate variation. They were designed according to the unique signature of heart vibrations. The authors investigated the bi-stable hybrid device’s frequency sensitivity by examining the relationship between the optimal design’s power output and the heart rate. They found that the output power of the bi-stable energy harvester was more than 3 µW.

Reference [30] studied arterial expansion and contraction using electromagnetic induction. Both theoretical and experimental investigations were applied to harvest energy from the artery inserted into a laboratory-fabricated flexible coil and two arteries of a Göttinger mini pig. The average harvestable power was 42 nW.

Additionally, the authors of [31] proposed a flexible and highly efficient energy harvester where piezoelectric material (PMN-PT) was a single crystalline (1-x) Pb (Mg1/3 Nb2/3) O3 xPbTiO3. They stated that the maximum output current and voltage were 145 μA and 8.2 V, respectively. Fig. 4a illustrates the (PMN-PT) schematic diagram and (b) the vivo experiment on the harvester on a living rat.
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Figure 4: (a) PMN-PT energy harvester of the artificial cardiac pacemaker; (b) a vivo experiment on a living rat

Reference [32] proposed a miniaturized endocardial electromagnetic energy harvester for leadless cardiac pacemakers in vitro and in vivo tests. In this work, the authors implanted the piezoelectric generator to wrap around the ascending aorta; they found that the in vivo output and power were lower than those in vitro. The reported output power was about 30 nW. An ultra-flexible piezoelectric device based on PZT ceramics was proposed by [33], and in vivo experiments on pigs were conducted; the output voltage was about 3 Vp-p when the ultra-flexible piezoelectric device was fixed from the top of the left ventricle to the right ventricle.

Reference [34] studied an energy harvester that fan-folded a bimorph piezoelectric beam configuration with an added tip mass. The authors mentioned that high natural frequency is a significant concern in microscale energy harvesters. As this energy harvester’s size is 2 cm by 0.5 cm by 1 cm, the natural frequency is very high. They utilized the fan-folded geometry and added tip mass to reduce the natural frequency to the desired range. The reported average power was 10.24 μW.

A previous study applied the electromagnetic induction principle to harvest energy by using copper coils connected in a series to a permanent magnet stack suspended between two flexures [35]. A mathematical model to simulate three heart motions was developed in this work. The predicted output powers of the model were 14.5, 41.9, and 16.9 μW, respectively. Two in vivo experiments on domestic pigs harvested a mean output power of 0.78 μW and 1.7 μW at a heart rates of 84 bpm and 160 bpm.

Reference [36] developed a low-frequency vibration energy harvester used to run implantable pacemakers and cardioverter defibrillators (AICDs).The authors used porous polyvinylidene fluoride-trifluoroethylene (PVDF-TrFE) thin film to harvest the mechanical energy from the heartbeat. The maximum electrical output was 0.5 V and 43 nA under the frequency of 1 Hz. They stated that adding a proof mass of 31.6 mg on the dual-cantilever tip resulted in the power increasing by 1.82 times. Reference [37] tested an Implantable Piezoelectric Generator (iPEG) on a porcine heart in vivo, with a harvested maximum output power of about 33 μW.

Reference [38] proposed a polymer-based piezoelectric material of PVDF-TrFE that was employed to utilize the bending and twisting motion of the lead of a cardiac pacemaker. Both energy-harvesting and sensing devices were flawlessly combined with the existing pacemaker. The energy harvester converted energy flows connected to a lead motion into electrical power. The obtained usable capacity on the capacitor was estimated as 0.3 μW. A miniaturized endocardial electromagnetic energy harvester was proposed by [39] and consisted of two central units: the power unit and the oscillation unit. Both units were integrated into a tubular housing, as shown in Fig. 5. The proposed energy harvester has dimensions of 30 mm × 7 mm, a volume of 1.15 cm3, and a weight of only 8.01 g. The output power was 4.2 μW and 2.6 μW for the bench and in vivo experiments, respectively.
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Figure 5: Miniaturized endocardial electromagnetic energy harvester

A multibeam energy harvester that consisted of ZnO nanoparticles (30% wt) and MWCNTs (0.1% wt) was proposed in [40], in which a rectifier and capacitor combined the energy harvester. They reported that the obtained energy was about 6.5 μJ (A 120-μF capacitor charged for 34.6 S), thus producing an output power of 0.187 μW. Reference [41] proposed another approach utilizing heart motion to harvest energy from arterial blood pressure. The proposed streaked cylinder design aims to reduce the natural frequency of the harvester by replacing the linear plate by a curved plate. The proposed harvester comprises a cylinder composed of PVDF with a conductor coated on the cylinder’s inner and outer surfaces and a shunt resistor. The results showed that for the shunt resistor of 50 Ω, the output power was » 27.5 µW; the shunt resistor of 500 Ω produced an output power of » 20 µW. Reference [42] proposed a micro-plate covered by a piezoelectric material to harvest energy from blood pressure variation. The unimorph piezoelectric energy harvester, shown in Fig. 6, created a PZT layer bonded to the substructure layer. The obtained output power was about 3.07 nW for a plate of 84 × 10−6 cm3. The output power increased with increasing pressure frequency and attained its maximum value at a load resistance of about 5 k Ω.
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Figure 6: Unimorph piezoelectric energy harvester

Reference [43] developed an energy harvester utilizing a tunable resonance cantilever mechanism that in turn uses a single magneto-electro-mechanical tool for maximizing the energy-harvesting output by adjusting the resonant frequency (see Fig. 7). The harvested power was between 3.0 µW and 20.6 µW at heart rates of 79 and 243 bpm, respectively.
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Figure 7: Tunable resonance cantilever mechanism energy harvester

Reference [44] proposed an energy-harvesting device that captures energy from arterial wall pulsation. The proposed design consists of a flexible coil that can bend along with the artery in a magnetic field by two permanent parallel ring magnets. The output power for various coils at various heart rates reached a maximum of 1.357 μW at a heart rate of 235 bpm.

Reference [45] involved a study of the optimum number, dimensions, and configuration of energy harvesters attached to the pacemaker leads inside superior vena cava (SVC) to harvest energy from blood flow. The authors carried out simulation and found that a matching resistance of 35 MΩ produced a maximum power of »9 μW with eight harvester beams.

4  Energy Harvesting Using Human Motion

Amid the recent explosive growth of wearable devices, many researchers have become drawn to harvesting electricity from human movement for medical and health needs.

Reference [46] introduced a highly effective and durable human biomechanical energy harvesting by a waterproof, intelligent insole based on a triboelectric nanogenerator. It completely utilized the footprint pressure distribution to produce power rises of 580 μW. Besides being able to endure extreme weather conditions, the insoles are suitable for pluvial areas, too. A total of 260 LEDS, with swarming feet and water on the field, lit-up light-emitting diodes, and a condenser of 88 μF,were charged at 2.5 V per 900 s.

Reference [47] constructed a polyvinylene difluoride (PVDF) film-based hybrid triboelectric-piezoelectric nanogenerator (TP-NG) to effectively extract random and irregular forms of vibrator energy from human feet. The TP-NG consisted of PVDF polymer film and an Al electrode, and the acrylic support film had a stacking structure that provided power up to 127 μW. The toes, arch, and heel were embedded into three hybrid TP-NGs. The shoe insole produced adequate power during normal walking to operate light-emitting diodes that could be applied in night lighting. The insole operated a Wi-Fi pressurized network, enabling the pressure distribution on the foot to be tracked and transmitted to a mobile phone.

Moreover, reference [48] proposed a piezoelectric nanogenerator based on electrospun PVDF nanofibers for walking energy-harvesting, with experimental characterization and finite element analysis. An integrated PVDF nanofiber nanogenerator was simulated for use in a shoe insole as an energy harvester. The response of the nanogenerator system under a low-frequency impact was evaluated, and the maximum generated voltage was determined to be around 15.1 V.

Parasites of the mechanical energy in shoes originated in human motion were studied in [49]. A sandwich form with a slim thickness is readily compatible with the feet and can be used as the harvester. The high performance and outstanding reliability were also taken into account. During a walk at a frequency of about 1 Hz, the harvester had an average power output of 1 mW.

Reference [50] reported that piezoelectric nanogenerator was fabricated by mixing various materials such as piezoelectric BaTiO3 and piezoelectric ZnO nanoparticles with the sections of the graphene nanosheets in a silicone matrix. The findings showed a higher performance in comparison to other ceramics of PZT-based composites. Following that, a completely working nanogenerator shoe-insole was developed to demonstrate the practical application of PENGs. The nanogenerator shoe-insole generated a power density of 402 mW/m2 and a highly stretchable biomechanical piezoelectric sensor under the real-time human walking method. Tab. 1 summarizes the highest power outputs obtained in the studies discussed.
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5  Conclusions

The growing prevalence of different diseases today has led to the rapid growth of Implantable Medical Devices (IMDs) powered by batteries with energy-restrictive problems. IMD battery replacement stemming from a battery’s end of life requires surgical intervention for the patient, which poses risks of infection and bleeding. Also, extending battery life can lead to extending the size of an IMD such as a Pacemaker. An alternative to surgical intervention is to extend wires for charging an IMD through the human skin, but this is extremely uncomfortable and carries the risk of irritation and contamination. To overcome these limitations, a method for energy harvesting from the human body is necessary. It should allow for designing a battery-less IMD with no extra wires needed and a reduced number of surgical interventions. This article reviewed different state-of-the-art power harvesting techniques that utilize the human body, both internal and external. We concluded that the human body is a usable and renewable energy source. For each harvesting technique, various methods were presented, and the obtained results were outlined. Limitations and related options were also suggested.

The typical power consumption of a modern pacemaker is around 15 µW and 40 µW for defibrillators. The obtained results from the three harvesters discussed in the sections mentioned above showed that the maximum power came from human motion (about 1 mW) and then from thermoelectric generators (about 41.9 µW). The last one was for the cardiovascular system (about 39 µW). The same situation was applied to the harvested output voltage and harvested output power density. The obtained power fulfilled (predominantly) the power requirements of implantable devices.

Nevertheless, in terms of drawbacks, the cardiovascular system and other internal harvesters, such as the respiratory harvester system, suffer from problems of technological biocompatibility. All in vitro experiments were done on one animal, and no in vitro experiments were conducted on human beings to test the possible side effects of such harvesters on human health. The harvester’s size is another important factor, but nanotechnology is a promising solution for minimizing harvester size.

The first issue for human motion harvesters is that they are not suitable for people with disabilities; even for non-disabled people, the harvesters’ weight and size are other important concerns. The second issue concerns the transfer of harvested power to the IMD; one possible solution is to use wireless power transmission.

Wearable thermoelectric generators should be flexible, comfortable, twistable, and durable and should be worn on different parts of the body. However, the limitation of thermoelectric generators is the temperature difference between the ambient environment and the skin, which should not be extreme. A ΔT value of 60 was cited in some literature, but it is not practical for most wearable devices (as skin temperature » 32°C, the ambient temperature should be −28°C).

Despite their low obtained power, energy harvesters could be promising solutions to the replacement battery issue. Moreover, nanotechnology advancement opens up new horizons for reducing battery size while maintaining higher energy output levels.

In the future, energy harvesting should emphasize living subjects and the construction of electronics for self-powered applications, especially for biomedical use. First, we need to make this change to ensure that energy harvester output capacity and efficiency are sustainable enough to fuel electronics. Furthermore, the biocompatibility of equipment is critical. Further integration of advanced engineering concepts with current energy harvesters can provide prospective research guidance. The combination of different energy harvesters with advanced electronics can also pave the way for developing new technologies to diagnose, treat, and prevent diseases.
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Table 1: Highest power outputs given i reviewed works

Power (W), Power density (W/m?), Voltage (V) Reference

39 uW [5]

156.5 pW/em? [8]

151 mV [13]
8.2V, 145 pA [22]
41.9 pW [26]
151V [39]
1 mW [40]

402 mW/m> [41]
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