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ABSTRACT  

Energy harvesting using various locally available energy sources such as vibration energy, heat, sound, or magnetic field 

have become attractive topics for supplying power to modular electronic devices making them run independently in 

extreme environments. In this paper, we will be discussing the perspectives on thermoelectric (TE) and piezoelectric 

materials and devices, and then the concept of multi-source energy harvester using piezoelectric and thermoelectric devices 

and integration of them into a reliable and independent power source. TE materials having low thermal conductivity and 

high figure-of-merit (zT) are developed to convert even a small temperature gradient efficiently into electrical energy with 

the state-of-the-art conversion efficiency of ~15% and output power of ~56 W from single device. The piezoelectric device 

architecture is configured using high performance piezoelectric ceramics (Cu-Mn-PIN-PMN-PT). These ceramics exhibit 

high piezoelectric coefficient with high mechanical quality factor and low dielectric loss factor. Using these piezoelectric 

materials, power density as high a 2 mW/cm2 is demonstrated in 1-1.5 g vibration environments. The piezoelectric device 

is attached on the surface of TE module to capture both the vibration and thermal energy sources to realize dual mode 

energy harvester. The multi-energy transfer strategy opens opportunities for a future generation of wireless and modular 

electronic devices. These devices would be useful in powering wearable electronic devices, micro sensor chargers, etc. in 

extreme environmental conditions using body heat/thermal sources and induced motion/vibrations. 

Keywords: Energy harvesting, thermoelectric, piezoelectric, piezoelectric ceramics, Cu-Mn-PIN-PMN-PT, wearable 

electronic devices, dual energy harvester 

 

1. INTRODUCTION  

Wireless energy harvesting technology presents a promising avenue for extending the operational lifespan of 

energy-constrained devices such as mobile electronics, implantable medical devices (IMDs), sensor networks and Internet 

of Things (IoT) devices. These technologies often face limitations due to onboard battery capacity or the complexity of 

wired connections. By integrating wireless power transfer with energy harvesting systems, these devices can be powered 

more sustainably and efficiently. Optical, thermal, magnetic, and acoustic energy conversion are particularly attractive for 

ambient energy harvesting due to their abundance and accessibility. 

Among these energy harvesting technologies, thermoelectric (TE) power generators enable direct energy 

conversion from heat to electricity [1, 2]. Being solid-state energy conversion technique, it has advantages of reliability, 

simplicity, lightweight, compactness, and environmental friendliness [1, 3]. To make TE technology feasible, it requires 

significant improvement in conversion efficiency (η), which is jointly determined by the Carnot efficiency and the 

dimensionless figure of merit [4], 𝑧𝑇 = 𝑆2𝑇/(𝑘𝐿 + 𝑘𝐸), where S is the Seebeck coefficient,  is the electrical 

conductivity, T is the absolute temperature, and kL and kE are the lattice and electronic thermal conductivities, respectively. 

Improving zT of a TE material by simultaneous optimization of transport parameters is a major fundamental challenge 

since these parameters are heavily interdependent [5-11]. For energy generation applications achieving a high η, TE 

materials with high average zTavg (>1) in wide range of temperature are required [1]. TE power generation technologies 

may play a crucial role for harnessing the heat generated by high-speed aerial vehicles like jet engines, rockets, and 

hypersonic crafts. These technologies enhance fuel efficiency, reduce CO2 emission, and supply vital power for critical 

flight systems such as control, navigation, and communications [6, 12-19]. Additionally, compact TE generators (TEGs) 
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can tap into flight-generated heat to offer on-the-spot power for sensors and electronics in remote locations, enabling 

wireless operations. For instance, the current reliance on thermal batteries and conventional power generators for 

hypersonic vehicle power is constrained by SWaP (size, weight, and power) limitations. In contrast, TEGs, with their 

solid-state design, present an ideal solution to meet SWaP requirements for efficient thermal energy harvesting. Recent 

advancements in TE materials, particularly in zT and the design of highly efficient modules, have opened the door to 

efficient thermal energy harvesting solutions. 

Table 1 outlines the key factors, spanning materials, devices, and systems that influence the performance of TE 

devices and systems, along with their elated governance. The η of a TE device is contingent upon the materials’ zT and 

temperature difference it operates within. The maximum output power (Pr) is determined by the power factor (PF) of TE 

materials, the temperature differential, the size of materials, and thermal and electrical contact resistances. In the context 

of thermal energy harvesting in hypersonic vehicles, the performance metrics of SWaP are intricately linked with the 

device design, material’s zT, and contact resistance. 

 

Table 1 The key factors that determine TE device and system performance and correlated governance. 

Factors  Equation/Governance Correlation to system 

Materials’ zT zT 𝑧𝑇 = 𝛼2𝑇 𝜌𝜅⁄                              [1] 
Power performance 

Temperature limitation 

Device performance 

η 𝜂 =
∆𝑇

𝑇ℎ
∙

√1+𝑧𝑇𝑎𝑣𝑔−1

√1+𝑧𝑇𝑎𝑣𝑔+𝑇𝑐 𝑇ℎ⁄
               [2]* 

Power performance 

Temperature limitation 

Pr 𝑃𝑟 =
𝑃𝐹∙∆𝑇2∙𝐴

4(𝑛+𝐿)∙(1+2𝑟𝑙𝑐 𝐿⁄ )2
                 [3]* 

SWaP 

Temperature limitation 

Power density ω 𝜔 = 𝑃𝑟 𝑀⁄                                    [4]* 
SWaP 

Temperature limitation 

 

*: zTavg is the average figure of merit of TE materials, and ΔT (Th−Tc, where Th and Tc are the hot- and cold-side temperatures, 

respectively) is the temperature gradient across the device. r= [κ]/2κc and n= 4ρc/[ρ] are referred to as the thermal and electrical contact 

parameters, A and L are the cross-sectional area and thickness of TE materials, κc is the effective thermal conductivity of the contact 

layer, ρc is the contact electrical resistivity, and lc is the thickness of the contact layer. M is the mass of TE device. 

Piezoelectric materials are a class of substances that possess a remarkable property: they can generate an electric 

charge in response to mechanical stress or deformation, and vice versa [20, 21]. This unique property has found widespread 

applications in various fields, from sensors and actuators to energy harvesting and medical devices. The magnetoelectric 

and ultrasound-based methods of energy harvesting using piezoelectric materials offer higher efficiencies and power 

density, making them promising alternatives at low frequency range (in kHz range) [22, 23]. Magnetic field energy 

harvesting using magnetoelectric devices involves two steps in converting the AC magnetic field to mechanical strain 

(magnetostriction) and mechanical strain  to electric potential (piezoelectricity) [24]. Magnetoelectric transducers offer a 

promising solution for low-frequency magnetic field energy harvesting with high power density and safer field levels, as 

they result in less absorption and heating, and greater penetration through different lossy media [22]. In the last decade, 

magneto-mechano-electric generators have gained attention for harvesting 50-60 Hz magnetic field energy using various 

materials such as PZT/Metglas, Textured Fe-Ga/SCMF PMN-PZ-PT, Ni/low-loss PMN-PZ-PT, Ni/PMN-PZ-PT, etc [24-

27]. Most of the reported devices have been designed to operate under strong magnetic fields >500 μT and possess large 

dimensions due to low frequency resonance requirements. Small sized magnetoelectric energy harvesters have been 

explored using different piezoelectric materials for IoTs, biomedical applications such as endovascular stimulation, 

multisite stimulation, neurostimulator etc [28-31]. 

In this paper, we will introduce a brief progress on TE and piezoelectric materials and devices. For TE section, 

we will showcase the high performance and cost-effective materials, thermal stability of materials and devices, functional 

graded materials architecture, interface design approach, and adaptable high power device strategy. For piezoelectric 

section, we mainly focus on piezoelectric-based wireless energy harvesting using magnetic and ultrasound source and the 

proposed multi-source energy harvester concept.  
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2. THERMOELECTRIC-BASED ENERGY HARVESTER 

2.1 High performance and cost-effective TE materials 

Certain TE compounds, like PbTe, skutterudite, and Mg3Sb2, demonstrate promising zT performance. However, 

they are generally limited to temperatures up to 400-500 °C. In medium-high temperature range, like for hypersonic 

applications, half-Heusler (hH) materials stand out as the most favorable choice due to their compatibility with high 

temperatures, excellent thermal stability, and robust mechanical strength [1, 12]. These attributes make them well-

equipped to tackle the challenges posed by extreme temperatures and rapid thermal cycling [5, 12-15, 17, 19, 32-35]. 

Recent advancements in the zT properties of hH alloys further bolster their potential for practical applications. Overall, 

hH-based TE devices offer the most cost-effective solution, featuring high power density, the highest W/g (aspect ratio), 

favorable raw materials cost in $/W, and exceptional mechanical and thermally robustness (Table 2) [36, 37]. 

Table 2 Cost performance analysis of various TE power generation modules. 

Materials Bi2Te3 - system Skutterudite Half-Heusler 

Working Temperature 50 – 230 °C 40 – 500 °C > 500 °C 

Module size 40mm×45mm 50mm×50mm 42mm×43mm 

Power (W) 7.95 10.8 56 

Power density (W/cm2) 0.44 0.43 3.13 

TE leg power density (W/cm2) 1.6 1.05 9.73 

TE materials (g) 3.97 30.7 6.37 

Power (W)/g of TE 2.0 0.35 8.88 

Raw materials cost ($/kg) 115 30 130 

Raw material ($/W) 0.057 0.92 0.015 

Reliability 
Stable up to 230 °C 

5% degradation in 1000 

thermal cycles 

<10% degradation in 1000 

thermal cycles at 600 °C 

Materials strength (GPa)14 ~0.2 ~7 ~10.3 

 

 
Figure 1 (a) The-state-of-the-art (SOA) zT of Hf-contained and Hf-free hH TE materials and the next goal of materials (Target). PSU 

stands for the materials developed at Penn State University. (b) The relationship between ΔT and η under different zTavg. 

The state-of-the-art (SOA) p-type hH compound, (Nb0.88Hf0.12)FeSb [12], shows a peak zT of ~1.5 at 973 K and 

an average zT (zTavg) of 0.88 (ranging from 300-973 K). While for n-type hH alloy, (Hf0.6Zr0.4)NiSn0.99Sb0.01 compound 

with tungsten nanoinclusions exhibits a peak zT of 1.4 at 773 K and zTavg of 0.93 (ranging from 300-973 K) [5]. These 

accomplishments were achieved through innovative design strategies, focusing on defects, grain boundaries and 

nanoinclusions, resulting in significant advances compared to SOA results (Figure 1a). Towards practical application 

considerations, to achieve a η of 20 % within a ΔT of 650 K, high-performance TE materials with a zTavg of 1.25 are 

necessary (Figure 1b). Nanostructured materials and high-entropy alloys (HEAs) offer a promising avenue to optimize 

both electrical and thermal properties in various TE materials, such as PbTe-based and GeTe-based alloys [38-41]. On the 

other hand, machine learning and density functional theory (DFT) approaches have predicted light elements, such as Mg, 

Ca, Al etc., as potential candidates for high-performance half-Heusler compounds [42]. A recent work reported a Hf-free 

MFeSb (M=Ta, Nb, Ti, V) half-Heusler materials with boasted zTavg exceeding 0.8 and a peak zT of ~1.2 towards high 

power density thermal management [19]. 
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2.2 Development of thermally stable and high strength compositions 

The reliability, robustness and durability of TE devices and systems depend significantly on the thermal stability 

and mechanical properties of TE materials. These factors play a crucial role in minimizing the need for system 

maintenance, particularly in extreme environments. A deep understanding of these aspects is vital for the practical 

deployment of TE systems in such conditions. Previously, we explored the oxidation resistance and thermal stability of 

both half-Heusler-based materials and devices and succeeded in achieving stable materials and device performance up to 

873 K in air and up to 1000 K in oxygen free environment. This was made by recognizing the importance of certain 

elements coexisting, which enabled the formation of binary intermetallic compounds and stable thin oxide layers. For 

example, the creation of a Nb-rich sublayer adjacent to the TiO2 outer layer effectively prevented the migration of oxygen 

in a NbFeSb-based composition, resulting in stable electrical properties ( 

Figure 2a,b). As a result, the degradation of device output power was only 7 % after 7-days of operation at 873 K 

in air ( 

Figure 2c) [3]. Furthermore, we demonstrated excellent thermal stability of half-Heusler TE system after 1000 

hours and 1000 cycles at 873 K ( 

Figure 2d,e) [43]. 

 
 

Figure 2 (a) SEM images of NbFeSb-based half-Heusler and (b) thermal stability of different half-Heusler compounds after exposing 

at 873 K in air [3]. (c) Normalized output power of half-Heusler device as a function of operation time [3]. Reproduced with permission 

from Kang et al [3]. Copyright 2020 American Chemical Society. (d) Long-term soaking test of hH devices and system [37]. (e) Thermal 

cycling test of hH devices and system [37]. (f) Comparison of mechanical properties in various TE materials. 

TE materials with favorable mechanical properties are essential for device modules with extended service 

lifetimes, especially in conditions involving rapid thermal cycling. Vickers hardness exceeding 1 GPa and fracture 

toughness exceeding 1 MPa-m1/2 are considered as a rough guideline for necessary mechanical properties in practical 

device applications [44]. Recent studies on high entropy hH compounds have shown superior Vickers hardness compared 

to both conventional hH and other TE materials (Figure 2 [32, 45]). 

 

2.3 Functional Graded Materials (FGMs) device architecture 

Conventional segmented TE devices face inherent limitations, which cap their conversion efficiency up to 12 % 

[17, 46-49]. These challenges stem from several key factors: 1) The substantial variations in densification temperatures 
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between the materials used in the segmented legs imposes restrictions on sintering them together. Consequently, these 

segments in the TE legs must be joined through soldering or brazing, using different materials. This results in 

heterogeneous interfaces leading to external electrical and thermal contact resistance, and relatively weak mechanical 

properties (Figure 3a). 2) The different segments exhibit significant differences in resistivity. When a load current passes 

through the entire segmented TE leg, a resistivity mismatch among the segments occurs. This means that various materials 

cannot be operated under their optimum conditions, resulting in performance lower than what would be expected from the 

combination of different material segments. This issue can be resolved through the design of FGMs. 3) According to the 

compatibility factor (s) theory [50], the difference in the optimum relative current density (u) among the segments restricts 

their efficient operation within a specific current magnitude range. When the difference in s between these materials 

exceeds 2, it leads to a performance level that falls below expectations. 

FGMs exhibit gradual variations in their compositions, structures, or properties throughout their volume. When 

designing FGMs for TE applications, the aim is to create spatially distributed electrical conductivity and Seebeck 

coefficients that ensure optimal temperature gradients across each material. This approach effectively overcomes issues 

related to resistivity and compatibility mismatch, while avoiding the presence of heterogeneous interfaces, all while 

maintaining a high zTavg. Theoretically, the introduction of multi-layers materials can further boost η. Traditional contact 

electrode materials, such as Ni, have been commonly used in fabricating FGMs. However, their use can introduce 

heterogeneous interfaces, interdiffusion between the electrode and TE materials, and significant mismatches in the  

 

Figure 3 (a) FGMs design towards high device performance [12]. Reprinted with permission from Li et al [12]. Copyright 2023 Li et 

al. Distributed under the Creative Commons Attribution 4.0 License. (b) The typical CTE of various TE materials and their difference. 

Data calculated from reference [51-54]. (c) Conversion efficiency roadmap. PSU stands for the η of TE devices developed at Penn 

State[12]. Perspectives refer to the next goal of η potentially utilized by high zT and FGMs strategy. (d) Superior η of ~15% of FGMS 

hH-based module compared to SOA results, and the future target of 20% η by developing n-type FGMs hH TE materials. 

 

http://creativecommons.org/licenses/by/3.0/
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coefficient of thermal expansion (CTE), which can vary widely among different TE materials, sometimes exceeding 400 

% (Figure 3b) [51-54]. The benefits of FGMs design are substantial, leading to an approximate 36 % improvement in 

conversion efficiency when compared to single-layer modules using the same zT materials. This improvement can be 

further enhanced by combing FGMs design with higher zT materials (Figure 3c). A two-layers FGMs hH device, achieving 

a superior η of 15.2 % for a single-leg module at a ΔT of 670 K (Figure 3c,d), has been reported [12]. Furthermore, the 

extensive compositional space offered by high entropy alloys design can expand the freedom of selection in FGMs, 

potentially satisfying multiple requirements in different aspects. 

2.4 Interface design minimizing electrical and thermal contact resistance 

Achieving high performance in a TE device requires not only a high ΔT and zTavg but also a critical focus on 

device design to minimize thermal and electrical contact resistances at the junction of metal electrode and TE leg 

(semiconductor). The electrical contact between metal and semiconductor can exhibit Schottky (rectifying) or ohmic (non-

rectifying) behavior. In TE devices, ohmic contact behavior is essential for efficient electrical charge conduction and to 

reduce Joule heating [14]. Introducing a limited diffusion barrier at the junction of Cu electrode and TE legs is a practical 

way to control atomic diffusion, manage chemical reaction with TE materials, and maintain conductive electrical contact. 

However, such barriers can also create contact resistance, which can be exacerbated at high temperatures. In general, 

factors such as the choice of diffusion barrier material, the brazing technique and material used, and difference in CTE 

between TE legs and electrodes can contribute to high contact resistance This can lead to a deterioration of TE properties 

due to an extended diffused layer, reactions with TE materials at high temperature, and the generation and propagation of 

cracks at the junction during thermal cycling. 

The device ZT (ZTd) is critical in translating materials properties into TE device performance, which is defined 

as: (𝑍𝑇)𝑑 = (𝑍𝑇)𝑚 ∙ (
𝐿

𝐿+2𝑅𝑐𝜎
), where (ZT)m is materials’ zT, Rc, L, and σ, which stand for contact resistance, the length of 

TE legs, and electrical conductivity of TE materials, respectively. The Rc is getting more significant with the decrease of 

L. Therefore, the minimization of contact resistance in TE thin-profile device is the most critical challenge. 

In past decades, different strategies to overcome the challenges of contact resistance in bulk TE devices have 

been developed [3, 13-15, 17]. For instance, a direct bonding technique for hH TE devices was developed, which 

demonstrated negligible contact resistance and clear interface, thereby achieving good TE performance with thermal 

stability (Figure 4a) [14]. An optimized Ti/Ni/Au coating layers were developed for metallization as the diffusion barrier 

and electrode contact layers, and the Cu–Sn transient liquid phase sintering technique is utilized for SKD and hH stages, 

which provides a high strength bonding and very low contact resistance (Figure 4b).[13] 

 

Figure 4 Metallization techniques of TE devices. (a) Direct bonding technique [14]. Reproduced with permission from Norzariasbmarz 

et al [14]. Copyright 2021 Elsevier. (b) Transient liquid phase sintering bonding technique. Reproduced with permission from Li et al 

[13]. Copyright 2023 American Chemical Society. 

https://www.sciencedirect.com/topics/engineering/diffusion-barrier
https://www.sciencedirect.com/topics/engineering/atomic-diffusion
https://www.sciencedirect.com/topics/engineering/coefficient-of-thermal-expansion
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2.5 High power density and conformal TE device  

In the context of TEGs, flexibility is of great importance for module integration into diverse architectural designs, 

including non-planar shapes like cylinders, which are commonly used in hypersonic vehicles and waste heat exhaust 

systems. Miniatured TEGs or flexible TEGs has been previously developed, primarily using materials like bismuth 

telluride or organic-based compounds. These have been tailored for low-temperature applications, such as body heat 

harvesting, to supply power in the microwatt to milliwatt range, facilitating self-powered batteries [55], but unsuitable for 

high temperature thermal energy harvesting [56, 57]. 

Recently, an innovative conformal module design, utilizing a strip-bridging technique to fabricate large-scale TE 

modules suitable for high temperature applications (Figure 5a). A superior output power of ~56 W within a 5×5 cm2 

device, resulting in a device power density (ω) of 3.1 W/cm2 (Figure 5b-d) [15]. The larger area of TE device, aimed at 

generating higher output power, leads to reduced heat fluxes (Qh) across various hypersonic platforms. The conformal 

design allows for variable fill factor (FF) adjustments as needed, accommodating low Qh to achieve high η and ω by 

maintaining a high hot-side temperature (Th). This adaptability is not feasible with conventional rigid TEG module [15]. 

 
Figure 5 (a) Streamline TE device fabrication. Demonstration of large-scale conformal hH-based TE module: (b) Total output power 

and (c) device power density, (d) Module integrated on cylindrical hot-pipe. Reproduced with permission from Li et al [15]. Copyright 

2021 American Chemical Society. 

 

 

3. PIEZOELECTRIC-BASED ENERGY HARVESTER 

3.1 Wireless Energy Harvesting using Magnetic and Ultrasound Source 

Wireless power transfer technologies are being investigated and developed for application in IoTs and 

implantable devices [23, 29, 58-60]. Recently, a novel hybrid energy harvesting technology using both the ultrasound and 

magnetic energy under water/tissue (ex-vivo) mediums has been developed (Figure 6a,b) [61]. The newly designed hybrid 

device with disk architecture comprises of a high energy density novel MnO2 and CuO co-doped Pb(In,Nb)O3-

Pb(Mg,Nb)O3-PbTiO3 (PIN-PMN-PT) piezoelectric disk-shaped transducer sandwiched between magnetostrictive 

Metglas layers. The magnetic field and ultrasound induced dual generator (MUDG) produces ultrahigh rms power of ~52.1 

mW with power density of ~597 mW/cm3 at ~500 µT magnetic field and 675 mW/cm2 ultrasound intensity. This is the 

highest reported value compared to all the prior devices with applied input under safety limit (Figure 6c). Results 

demonstrate that MUDG can overcome the limitations of traditional wireless power systems for human body application, 

providing a new platform with the advantages of ultra-high-power density, small size, and tolerance to angular 

misalignment (x-y plane). Systematic studies including device optimization, the powering of electronics, transcutaneous 

transmission (Figure 6d), power transfer ex-vivo, and safety analysis, were conducted to evaluate its full potential for 

various applications. 
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Figure 6 (a) The overview of the present work related to magnetic and ultrasound energy based dual energy harvesting and storage in a 

battery (inset shows real image of MUDG). (b) Schematic representation of the MUDG device for dual (magnetic field and ultrasound) 

energy harvesting with description of each component. (c) The comparison of power density of MUDG5 device with the other published 

technologies. (d) For the proof-of-concept experiments, the MUDG is implanted inside the porcine tissue and is wirelessly powered 

through magnetic field and ultrasound energy simultaneously. Reprinted with permission from Karan et al [61]. Copyright 2024 Karan 

et al. Distributed under the Creative Commons Attribution 3.0 License. 

4. MULTI-SOURCE ENERGY HARVESTING 

Utilizing multi-source energy harvesting technology in a single platform could be significant to improve the 

power performance towards wireless sensors and IoT devices of interest. A multi-source novel energy harvester design 

utilizing TE and piezoelectric energy harvesting technologies is discussed here. As shown in Figure 7, thermal energy 

harvesting utilizes the TE devices and magnetic and ultrasound energy is harvested using MUDG device. 

For many applications, the thermoelectric device alone will be enough to power the wireless sensors requiring 

10s of milliwatts of power. Even a relatively low temperature gradient of ~ 5 °C can consistently produce the power at 5 

V needed to run most wireless sensors. However, the multi-source energy harvester would be useful to power sensors, 

which need higher voltages (> 10 V) to operate. Figure 7 illustrates the details of multi-source energy harvester design, 

which can utilize both energy sources (temperature gradient and vibrations) available in an aerial vehicles or other 

platforms. In this design, an essential part of the TE device (i.e. heat exchanger fins) is used as integrated piezoelectric 

devices. The heat exchange system made up of piezoelectric materials will be directly fabricated on the cold side of the 

thermoelectric module with an interdigitated electrodes pattern. The piezoelectric cantilevers are made in a sandwich 

structure with metglass/piezoelectric/metglass configuration.  

Based on simulations, these hybrid harvesters can generate electrical power of as high as 500 mW at 5 °C 

temperature gradients, and 0.5–2 g and < 100Hz vibrations. This level of power output is enough to run most wireless 

sensors and IoT devices. 

http://creativecommons.org/licenses/by/3.0/
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Figure 7 Concept of multi-source energy harvester by integrating TE device and piezoelectric/magnetoelectric devices. The details of 

piezoelectric cantilever can be found in Figure 6a. 
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