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Abstract 

 
A Thermo-Pezo-Electric Generation (TPEG) unit has evolved to achieve electrical energy using the waste heat 

exhausted in nature and vibration of an object. In TPEG, thermoelectric (TE) and piezoelectric (PE) substrate 

are beneath continuous deformation in multi-direction, twisting, impact, vibration when capturing heat energy 

from the engine or moving object in the non-planar surface. Thus endures permanent deformation, chipping or 

formation of micro-cracks in brittle TE and PE substrate or their laminates. This consequences intimate 

attachment failure between the TPEG body to waste heat source, substrate, and coatings materials. Additionally, 

the substrate reached its fatigue limit with narrow durability. To overcome the problem, flexible shape memory 

alloy (SMA) having both TE and PE effect may be incorporated to achieve stable power and durable TPEG unit. 

It will not only contribute to robust and fatigue-free harvesting materials but also for the industrial revolution in 

waste heat and vibration. This study reviews the prospect of SMA as energy harvesting portable TPEG devices. 

 

Keywords: Thermo-Pezo-electric Generation Unit, Shape Memory Alloy, Thermoelectric and Piezoelectric 

materials, Energy Harvesting. 

 

1. Introduction 
The concept of energy harvesting was confined within the solar energy, wind energy, wave energy etc. for a long 

time. When the economy of energy uses come forward, energy harvesting turns its concept from the action to take 

profit of the non-used ambient energy surrounds us and to convert it into usable mechanical or electrical energy 

[1, 2, 3]. R. A. Kishore et al. [4], N. Punith et al. [5], and Dr. T. Hendricks [6] reviewed a lot of researches on 

PE, TE, Magneto-Electric and SMA for low-grade energy harvesting to explain its future prospects. Their study 

covered industrial, automobile, and domestic sectors. The harvesting devices are now classified into three major 

categories. First one is thermal energy harvesting by Thermoelectric (TE) materials called Thermo-electric 

generator (TEG). A thermoelectric generator (TEG), which convert waste heat into electricity, is one of the most 

promising energy harvesting devices for today and tomorrow [7]. New TEG material and TEG device have opened 

up the possibility of many new applications, particularly those involving the utilization of waste heat [8]. Since 

the thermoelectric generator (TEG) is highly dependent on the thermoelectric material, research on improving the 

performance of the thermoelectric material is continuing. Even hydroelectric power plant has incorporated with 

TEG [9, 10]. 
 

              
                                              (a)                                                                                 (b) 

Fig 1. The basic principle of (a) TEG and (b) PEG unit. 



    

 

352 

 

 
Fig. 2. The TE-PE combination/hybrid device [11]. 

 

The second category is vibration/motion energy harvesting by Piezoelectric (PE) materials called Piezoelectric 

generator (PEG). It recovers energy from mechanical movements to electrical energy via a piezo substrate [12]. 

The last and the modern development is heat and vibration energy harvesting simultaneously by TE-PE material 

combination called hybrid energy harvesting device. Researchers are continuously introducing a new class of 

hybrid TE-PE substrate. The principle is based on laminated layers of TE and PE materials. One layer of PE 

substrate is attached with one/multi-layer of PE substrate and vice versa. The lamination of PE-TE layers is 

performed mechanically. Since the combination has a different prospect of energy harvesting, they become 

isolated during application under vibration and heat. Thus the overall hybrid device fails. S. Sojan et al. [13], and 

F. Yildiz [14] reviewed TEG devices and its future prospect based on TE and PE materials. They described a 

group of devices, source of energy that can be harvested, and potential of the application. But nothing new about 

the problem described above.  

 

However, some researcher has proposed an intellectual solution regarding this problem. If the material is 

developed that comply with TE and PE behavior, then can be used for hybrid energy harvesting without making 

the laminated/layered substrate. This will overcome the mechanical failure of separate TE-PE uses. The best 

choice of such materials again introduced a series of new materials, composites/alloys and so on. The best 

composites thought about is Shape Memory Alloy (SMA). A lot of research is ongoing on SMA for a heat engine 

and power plant [15]. SMA is based on the physical principle of motion is due to a phase transition, between an 

austenitic phase and a martensitic phase which have such properties [16]. SMA has sophisticated mechanical 

properties like fatigue, fracture, and strength by its shape regaining nature. They can be made with good thermal 

conductivity and mechanical properties than conventional TE or PE substrates.  

In developing SMA materials, research must be focused on improving the figure of merit ( ). Where, 

representation is Seebeck coefficient S, the electrical resistivity ρ, and the thermal conductivity κ with T as absolute 

temperature. Therefore, SMA materials have been using in the industry for numerous applications. Besides this, 

due to good elastic property, SMA has also used as laminated/layered form separately with TE and PE. Such 

works are found very common in the last decay. For example, Figure 3 shows the modeling of piezo-SMA 

composite. Though integration of piezoelectricity with SMA is a comparatively newest attempt. Some 

experimental studies have been carried out for actuator, energy, environment, aerodynamics, sensing, and many 

other technical problem solutions [17, 18]. D. Zakharov et al. [19] are first to a laminated hybrid composite 

consisting of Ti-Ni-Cu shape memory alloy (SMA) and macro fiber composite (MFC) piezoelectric for thermal 

energy conversion. Y. Liu [20] and J. J. Zhu [21] develop micro-model and physical unit using SMA to 

demonstrate energy harvesting from waste heat of heat engine. The works were based on the mechanical properties 

of shape memory alloy to recover the applied stress-strain called constrained recovery. Extensive work has been 

done to characterize SMA qualitatively through theoretical models for power generation [22]. 
 

 
Fig. 3. Modeling of piezo-SMA composite [2]. 
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                                           (a)                                                                                   (b) 

Fig. 4. (a) Typical TE-SMA energy harvesting system [23]; (b) Principle of proposed enhancement of 

pyroelectric material performance. 1-pyro/piezo-electric layer, 2-SMA layer with SME pre-determined at the 

temperature range of interest [24]. 

 

A. Oudich [25] present an analytical model to analysis the bending of a bimorph beam comprising of piezoelectric 

(PE) material and shape memory alloy (SMA) thin layers to extract thermal to electrical energy. Many researchers 

are trying to use SMA in wire form to extract stress energy from aero-foil blade during air flow around it. Many 

conceptual SMA based energy harvesting system is under consideration. Such as by D. Avirovik et al. [22] 

discussed an imaginary TE-SMA harvesting plant presented by Fig. 4(a). H. Radousky’s [26] group is first to 

introduce the idea of harvesting mechanical and thermal energy by SMA. Few types of research also attempt to 

measure the performance of pyro-electric materials has been shown by Fig. 4(b). The main drawbacks of the 

above works are the use of PE/TE materials with SMA forming multilayered/laminated substrate again. That 

makes energy harvesting unit heavy, and bulky. Thus inapplicable in thermal condition having loads, vibration, 

impact, twisting etc. Thus an attempt may be made to develop such a TPEG unit using SMA materials which itself 

a TE and PE substrate. 

 

2. Results and Discussion 
The review has found out a large volume of researches on TE, PE materials, SMA, TE-SMA, PE-SMA, PE-TE-

SMA combination. However, the TPEG unit based on the single-use of SMA is not tried yet. SMA has widely 

used as thermoelectric materials. For example NiTi, Cu-Ni-Ti SMA has wide uses as TE substrate. Though SMA 

as PE is closely rare.  

 

Common properties of TE and PE materials 
Thermoelectric (TE) materials are fabricated materials whose structure works on p-n junction principle, and 

function mimics Seebeck effect to convert waste heat into electrical energy [8]. The most commonly studied TE 

materials are semimetals and doped semiconductors. The suitable metals for TE substrate must have very low 

electrical resistance, Seebeck effect (S), and high thermal conductivity (k) [27]. On the other side, the figure of 

merit (ZT) too small for metals but high for semiconductor. At the same time, the semiconductor should show 

adequate S. The target heat source may be considering around 400o-700oC for both p-type and n-type. 

Traditionally, inorganic compounds like bismuth telluride [28] and lead telluride are used for their high-

performance TE substrate, but they are brittle [29]. Early research on organic TE materials focused on conjugated 

polymers including polypyrrole, polythiophene, and polyaniline in spite of their relatively low electrical 

conductivity. Piezoelectric substances (PE) have been largely used as mechanisms to convert motion, vibration, 

or deformation into electrical energy [30]. But there is a crack problem in piezoelectric material due to mechanical 

loading [31, 32]. All the employed materials should have good mechanical properties, readily available and 

inexpensive raw materials, and environmentally friendly. 

 

TE-SMA combination unit 

Several alloy and composites, polymer have TE properties as well as SMA properties. H. S. S. Chang et al. [24] 

proposed an energy harvesting device based on TE laminated composite plate composed of a pyroelectric and 

non-pyroelectric substrate. The suspension of the substrate is assembled by SMA. A similar model is fabricated 

by O. C. Namli et al. [22], where the SMA/TE substrate worked under fluctuating temperature. A model satisfies 

rigidity of fluctuating condition than J. S. Gosliga et al. [33] model. H. S. Kim et al. [34] assembled a linear TEG 

using TE Cu-aluminum nitride substrate to get power. Graphene, epoxy etc. is very uncommon as SMA. Recently, 

Y. Wang et al. [35] study the responsiveness of Graphene/Hydro-Epoxy as TEG. 
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(a)                                                                                      (b) 

Fig. 5. (a) Schematic of hybrid SMA/PE (Piezoceramic lead zirconate titanate) (b) Composite for energy 

harvesting [36]. 

 

 PE-SMA combination unit 
J. S. Gosliga et al. [33] and G.A. Lebedev et al. [37] develop a model of a hybrid device combining PE and SMA 

effects for vibration energy harvesting. The group simulated the electrical energy predicted by the FE model for 

the vibration of 494 Hz. Model is reported as to vibrate with the source when harvesting energy. S. B. Choia et al. 

[36] work on the electro-mechanical characteristics of PE-SMA composite beam. The authors consider a 

cantilever beam consists of equal thick PE and SMA layer. Typically, a similar approach has adapted by G. Y. 

Bagdasaryan et al. [38]. The significant difference in their work is the consideration of tensile force. Usually, the 

layered composite/bimorph has modeled and tested under bending conditions. Energy harvesting composites and 

hybrid SMA has been shown in Fig. 5. 

 

 TE-PE-SMA combination unit 
D. S. Montgomery [11] presented an idea of flexible TE and PE materials into a single device structure to 

overcome several prohibitive issues facing the combination of generators while optimizing the performance of the 

combined power output. The research group used a PE film as a top electrode and an alternating n-type and p-

type TE substrate as the bottom electrode. They folded the TE-PE combination at p-n type junctions to allow for 

a thermal gradient to be established across the thickness of the device. TE voltage was measured between the 

opposite sides of the bottom electrode and the PE voltage was measured between the top and bottom electrode. 

Figure 2 shows the TE-PE combination device. E. Gusarova [39] has worked broadly on the hybridization of 

smarts materials to form composites for TEG application. The author has only considered piezoelectric shape 

memory alloy. A lot of fabrication techniques presented in that work. Table 1 presents a list of smart materials 

with thermo-electric and piezoelectric characteristics. 

 

Table 1. Comparative study of different TE, PE, SMA combination system. 

Ref. Combination Compositions Remarks 

[8] TE-SMA Polyvinylidene 

fluoride-TiNiCu 

Design to develop thermal energy at elevated temperature and 

characterized by Wiedemann-Franz law. 

[40] TE-SMA Ni-Ti (Flexinol) Electricity shows linearly with displacement and current during the 

heating and cooling cycle respectively.    

[41] TE-SMA Cu-Ni-Ti Thermal hysteresis behavior becomes weaker upon substitution of up 

to 7.5% Cu doped Ti-Ni alloy evident in the Seebeck coefficient. 

[42] PE-TE-Magnetic ZnO ZnO piezoelectric Timoshenko beam on elastic Pasternak foundation 

is analytically investigated under magneto-electro-thermo-

mechanical loadings 

[43] PE-SMA (NiTi) Nitinol The design concept of SMA-PE, Dynamical modeling of SMA-PE 

unit was developed and experimentally validated 

[44] PE-SMA Macro fiber 

composite-TiNiCu 

The TiNiCu ribbon was glued onto the macro fiber composite with 

cyanoacrylate glue. Hybrid layered of composites workable in low to 

the high-temperature range. 

[45] PE-TE-SMA Polyvinylidene 

fluoride- TiNiCu 

Design to harvest small and quasi-static temperature variations along 

with PE and SMA effect. 

[46] PE-TE-

Pyroelectric 

ZnO nanowires The numerical model developed to predicted performance of 

piezoelectric and piezotronic nanodevices with pyroelectric effect. 

 

 Proposed TPEG unit fabrication methodology 
TE-SMA and PE-SMA combination has formed and applied randomly. In a few cases, SMA with piezoelectric 

behavior has combined with TE materials. The fabrication of this combination has studied carefully to retrieve a 

proposed fabrication method for SMA with TE and PE properties. Initially, SMA with both TE properties and PE 

properties need to fabricate by consecutive matrix formation from the different substrate. Simulation techniques 

based on the composition ratio and the lattice structure of materials may be employed to obtain the physical 

properties of SMA accordingly. The simulation must address the problem of fracture for PE-TE substrate in 

vibrating, rotating of deformation condition. The fabrication model will be based on composition. Then the 

subsequent mechanical properties have to determine. Post-treatment may require to ensure proper mechanical 



    

 

355 

 

properties. Later, a suitable TPEG prototype construction may be carried out by the developed matrix. This may 

also include fabricating corrosion resistance films/coatings. This hypothesis must translate into the conceptual 

design with a buildable unit. The unit will undergo surface properties, porosity, wear preventive coatings, fatigue, 

robustness, etc. and other industrial assessment. After fabricating subsystem parts and complete assembly, the unit 

must treat for practical application and analysis of the model applicability through experiment. Afterward TPEG 

performance data collection, TE-PE combine property improvements and adjust composition and processing for 

best performance are required. A low-cost synthesis or production method for batches TPEG module production 

will be proposed to consider. 

 

3. Conclusions 
TE materials are heavy and brittle in nature. They have low bending or deforming tendency. On the other hand, 

PE is also less elastic materials. Moreover, there is a difficulty of laminating TE materials with PE materials. This 

problem is also acute in TE-SMA, PE-SMA, as well as TE-PE-SMA laminates that limit feasibility in many waste 

heat recovery applications involving transportation and non-planar surfaces. Chipping or formation of micro-

cracks; in brittle TE, PE materials are a common phenomenon. Even a high-quality crack-free film of material 

and even distinct layer formation technique cannot surplus the difficulty. Moreover, energy harvesting device 

losses the weight to power performance especially for mobile and space applications. Form this motivation; high 

specific power and flexibility/conformability are desirable for TEG materials by developing SMA combining the 

TE and PE nature. The research has a significant outcome in the field of waste heat energy recovering at low cost 

at a versatile condition of motion/vibration. A new suitable substrate from shape memory alloy in TPEG unit will 

overcome the fatigue problem, and prolong the durability of TPEG in the hazardous application. The previous 

work of using TE-PE materials composites laminates provided significant output. In addition, the SMA with TE 

and PE materials composites also tried for thermo-mechanical power production and noted with a noble prospect. 

Thus, the anticipated project is an integration of electronic systems and mechanical system from a single source 

with flexibility and robustness. The successful completion of the work will draw a conclusion of smart SMA of 

PE and TE behavior. That consequence in high-density power from fracture free thin single substrate durable 

TPEG devices.  
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