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Abstract: A new concept of thermal-to-electric energy conversion by coupling shape memory effect (SME) and 

direct piezoelectric effect (DPE) is proposed, and two prototypes of thermal energy harvesters are fabricated and 

tested experimentally. First is a hybrid laminated composite consisting of TiNiCu shape memory alloy (SMA) and 

Macro Fiber Composite (MFC) piezoelectric. This composite had 0.1 cm
3
 of active materials and harvested 75 µJ 

of energy for a temperature variation of 60 °C. The second prototype is a SME/DPE “machine” which uses the 

thermally induced linear strains of SMA and bends a bulk PZT ceramic plate through a specially designed 

mechanical structure. The SME/DPE “machine” with 0.2 cm
3
 of active material can harvest 90 µJ at heating and 60 

µJ at cooling by 20 °C. In contrast to usual pyroelectric materials, the proposed harvester is compatible with small 

and slow temperature variations. The integration into MEMS using sub-micron multilayers of active materials is 

currently under way. 
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INTRODUCTION 
The increasing demand in alternative energy 

sources for low-power electronics and autonomous 

wireless sensors has given rise to substantial research 

activities in the field of energy harvesting. Among the 

different energy sources, thermal sources are widely 

available. Thermal energy can be directly converted 

into electricity by means of thermoelectric (Seebeck 

effect) or pyroelectric materials. Thermoelectric power 

generators have already been demonstrated. However, 

such devices require large spatial temperature 

gradients in order to be efficient. Another scheme is to 

indirectly convert heat into electricity through 

mechanical transformations. This concept requires two 

materials being mechanically coupled. The first 

material (i.e. sensor) must exhibit a large thermally 

induced strain. The second material (i.e. convertor) 

must exhibit a large stress-induced electric field. In 

this way, the thermally induced strain is converted to 

voltage. This paper investigates the coupling between 

a shape memory alloy (SMA) and a piezoelectric 

material. In the vicinity of thermoelastic martensitic 

phase transition temperatures SMAs exhibit the largest 

thermally induced strains (up to 10 %) compared to 

any other inorganic material [1]. Together with a large 

stress generated at transformation, it results in the 

largest actuation energy density for SMAs (up to 

100 J/cm
3
) compared to any other known material [1]. 

The best candidates for SMA are NiTi and TiNiCu 

alloys which are widely used for industrial 

applications. Regarding piezoelectric materials, PZT 

has the highest piezoelectric constants. Thus, by 

coupling TiNiCu with PZT, one may expect efficient 

indirect thermal-to-electrical energy conversion. 

MATERIALS AND METHODS 
Hybrid laminated composite 

In this work, a SMA/piezoelectric laminated 

composite was fabricated for small temperature 

variation energy harvesting (Fig. 1). The prototype 

harvester was realized by assembling SMA and 

piezoelectric materials into a bilayer structure using 

cyanoacrylate glue. The piezoelectric layer was a 

commercial P1-type Macro Fiber Composite (MFC) 

from “Smart Materials Inc.” [2]. It consists of 100 µm 
diameter PZT fibers aligned horizontally between top 

and bottom electrodes and packed within thin polymer 

insulating films (Kapton). P1-type uses the superior d33 

piezoelectric effect of PZT combined with 

interdigitated electrodes. When being elongated or 

shortened, the PZT fibers generate electrical charges 

which can be collected at the bonding pads. 

The SMA layer was a 40 μm thick Ti50Ni25Cu25 

ribbon prepared by melt spinning technique as 

described in [3]. The ribbon was vacuum annealed for 

5 min at 500 °C to obtain a suitable microcrystalline 
structure. For the fabricated composite the phase 

transition temperature region was measured to be from 

50 to 80 °C which is in agreement with previous work 
[4]. Before assembling, the TiNiCu ribbon was 

pseudo-plastically pre-stressed in order to define a 

preferential deformation direction of the SMA during 

thermoelastic transformation as described in [4]. 

To induce the thermoelastic deformation of 

TiNiCu, the ribbon was heated by applying a direct 

electrical current. The resistance of the TiNiCu ribbon 

was 1,6 Ω and a power of 2 W was used increasing its 

temperature from ambient to 80 °C in about 1 minute.  
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Fig. 1: Photo and schematic view of the thermal energy 

composite harvester demonstrator. The TiNiCu ribbon is 

glued onto the MFC with cyanoacrylate glue. 

 

Different schemes of energy harvesting were 

previously investigated by our group [5]. In this paper 

we present an instant discharge mode (no cycling). For 

different heating times, the electrical charges were 

discharged instantly twice: (1) after Joule heating and 

(2) after natural cooling. For this purpose, the MFC 

electrodes are connected to the oscilloscope entrance 

through a 10 MΩ probe with an additional switch. 
 

Hybrid SME/DPE “machine”   
The second approach tested in this work was a 

hybrid SME/DPE “machine” using localized bonding 
between the two materials. SMA in the form of ribbon 

or wire is connected at its ends with a PZT plate 

through some intermediate elastic body (Fig. 2). 

Thereby, the SME/DPE “machine” uses the thermally 
induced linear strains of SMA (up to 5 %) which bends 

a PZT cantilever-type plate through a specially 

designed, flexible mechanical structure 

(http://www.youtube.com/watch?v=uS0z4ZEBeYw). 

The role of spring in this “machine” is to provide a 
shape recovery of the SMA during cooling. We remind 

that normal SME is a one-way effect since only the 

high-temperature shape is memorized. It should be 

noted that an optimized SME/DPE “machine” will not 
need any spring since the piezoelectric material will be 

thicker and will act as a spring itself. The optimized 

PZT thickness will allow (1) to use all the strain 

generated by SMA and (2) to be stiff enough to return 

the SMA to its initial shape upon cooling. 

The performance of the SME/DPE “machine” was 

studied for different configurations of PZT double-

plates: serial and parallel electrical connections, with 

and without intermediate elastic spacer. Several SMAs 

were used: NiTi wires and TiNiCu ribbons, with 

various transition temperatures. Different heating 

modes (continuous and pulsed) and electrical 

discharge schemes (with and without electrical switch) 

were studied.  

In this paper we present only the results for the 

following case: (1) NiTi wire as SMA, (2) continuous 

heating mode (no cycling), (3) electrical switch was 

used for electrical discharge, (4) PZT-double plate 

consisting in two PZT ceramic plates with a serial 

electrical connection. The results for other 

configurations will be published elsewhere.  

 

 
 

 
 
Fig. 2: Schematic views and photo of the SME/DPE 

harvester demonstrator. The NiTi wire is drawn around 

3 sides of the plexyglass bending system (to save space). 

A PZT double-plate is inserted in the bending frame. 

Electrical contacts on the left and on the right are used 

for applying the heating current to the NiTi wire. 

 

Commercial “PIC 255”-type PZT plate from “PI 
Ceramic GmbH” was used [6]. A 0.5 mm thick plate 

was cut into 50x6 mm pieces. 2 pieces were glued 

together using non-conductive commercial epoxy 

adhesive “3M Scotch-Weld DP460 Off-White” locally 

substituted with silver lacquer to provide electrical 

connection between the electrodes. The sides of 

connection were chosen in such a way as to provide 

the charges of opposite signs on double-plate sides at 

bending. After application of epoxy on the PZT plates 

and their connection, the double-plate was pressed at 

room temperature for 24 hours. The calculation of such 

a double-plate capacitance using the permittivity value 

taken from the supplier (ε33/ε0 = 1750) gives the value 

of 4.7 nF.  

Commercial NiTi wire from “Memry Corp.” was 
13 mm long with a diameter of 250 µm. The wire was 

heated up during about 3 s through the thermoelastic 
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transformation using 1.7 W of Joule heating thus 

provoking its shortening by 5 mm. When the wire 

shortens, the PZT double-plate becomes constrained in 

the Perspex bending frame which is shaped as an arc 

with a constant curvature radius of 0.5 m. Thereby the 

piezoelectric is subjected to a homogenous bending 

deformation. With an assumption of pure bending the 

maximal strain in the piezoelectric εmax can be found 

as: 

 

R

h
max              (1) 

 

where h is a single-plate thickness and R is the 

curvature radius. In our case εmax = 0.1 %. This value is 

close to the elastic strain limit in PZT (0.015 %). 

 

RESULTS AND DISCUSSION 
Hybrid laminated composite 

Fig. 3 shows the results of a series of experiments 

using the instant discharge mode (with a switch). This 

mode is the most appropriate scheme to evaluate the 

maximum useful harvested electrical energy from the 

SMA/piezoelectric composite [5]. Two parameters 

influence the useful harvested energy value: (1) the 

temperature which the composite was heated to and (2) 

the time needed to reach that temperature. 

 

 
Fig. 3: Useful energy harvested by the 

SMA/piezoelectric composite as a function of heating 

time by direct Joule current heating (filled circles) and 

subsequent natural air cooling to room temperature 

(empty circles). The corresponding measured SMA 

temperature is also shown (filled rhombs). 

 

 For each experimental point, the switch was 

turned on for a short period (about 1 s) twice: (1) just 

after heating; (2) after cooling from the reached 

temperature down to 23 °C. The discharge time 
through the 10 MΩ probe on the oscilloscope was 
about 100 ms, thus the switching on period (1 s) was 

enough to collect all the charges. 

An increase of the useful harvested energy both for 

heating and cooling cases is observed when increasing 

heating time up to 30 s, corresponding to 70 °C. This 
harvested energy increase is due to the thermoelastic 

strain increase. When increasing the heating time up to 

100 s (80 °C), the energy harvested after cooling 

increases, but not that harvested after heating. This 

seems to be due to different charge relaxation kinetics 

during heating and cooling.  

Additionally, significant voltage was observed 

even at temperatures below 40 °C, which are beyond 
the thermoelastic transformation region. This can be 

explained by inhomogeneous heating. Indeed, thermal 

imaging revealed temperature inhomogeneities over 

the surface of the ribbon with hot points localized on 

the extremities (parts not connected to MFC [5]). This 

could be due to the fact that contact between the 

TiNiCu ribbon and the MFC substrate is not perfect. In 

contrast, at cooling the center of the ribbon cools down 

with a delay due to the large surface of contact with 

the MFC. Some contribution of pyroelectricity is also 

possible. 

It is worth noting that, this scheme provides good 

mechanical energy transfer from the shape memory 

material to the piezoelectric and makes the system 

compact. On the other hand, its disadvantage is that the 

piezoelectric participates in the heat exchange. 

Thereby the system is more thermally inert and 

requires more heat energy from the environment. 

Moreover, some pyroelectricity could contribute to 

our results, which needs to be investigated further. 

Therefore, in this work another approach was also 

explored with a hybrid SME/DPE “machine” using 
localized bonding between the two materials. 

 

Hybrid SME/DPE “machine”   
Fig. 4 shows the thermoelectric response of the 

SME/DPE “machine”. The voltage was generated by 

PZT double-plate which bent due to NiTi wire heating. 

During bending, the electrical circuit remains open. 

Just after the bending was complete the electrical 

circuit was closed with the switch. Fig. 4 shows the 

voltage discharged in the 10 MΩ oscilloscope 
entrance. The harvested energy was calculated as a 

surface under the curve of output voltage squared vs. 

time and was about 91 µJ in the case of a double-plate 

with intermediate spacer.  

Fig. 5 shows a thermoelectric response of 

SME/DPE “machine” after natural air cooling of the 

NiTi wire. Similarly to the case of heating, the 

electrical switch closed the circuit just after the PZT 

double-plate recovered its straight shape. The 

harvested energy was similarly calculated to be 61 µJ. 
The capacitance of the PZT double-plate was 

determined from these curves using the values of peak 

voltage and electrical energy is about 4 nF. This is in 

agreement with the value calculated from material 

constants (4.7 nF). This means that no damage 

occurred on the PZT plates during the tests. 

When the electrical circuit is open one could 

expect that the electrical charges will not dissipate at 

the PZT electrodes. However, it was found that the 

charges vanish rather quickly: typically 15 s was 

enough for complete vanishing. This may be due to 
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some parasitic electrical connections between the PZT 

electrodes, but no clear evidence has been found. It 

also means that some harvested energy was lost before 

closing the circuit and the achieved values were not 

maximal.  

 

  

 
Fig. 5: Output voltage generated by the SME/DPE 

“machine” harvested from a single cooling of NiTi wire 
through the thermoelastic transition temperature region. 

The voltage is discharged in the 10 MΩ oscilloscope 
entrance immediately after cooling (with a switch). 

 

CONCLUSION 
 We report a new concept of thermal-to-electric 

energy conversion by coupling SME and DPE. Two 

approaches were studied in this work.  

 First is a hybrid laminated composite consisting of 

TiNiCu SMA and MFC piezoelectric material. This 

composite had 0.1 cm
3
 of active materials and 

harvested 75 µJ of energy by a single temperature 

variation of 60 °C (the minimum required energy for a 

standard wireless sensor is 30 µJ). We also reported 

significant harvested thermal energy at medium 

frequencies which is unique to our knowledge [5]. 

The second prototype was a hybrid SME/DPE 

“machine” which uses the thermally induced linear 
strains of SMA to bend a PZT plate through a specially 

designed mechanical structure. A non-optimized 

SME/DPE “machine” using 0.2 cm3
 of active materials 

can harvest 90 µJ at heating and 60 µJ at cooling.  

Different from usual pyroelectric materials, the 

proposed harvesters are compatible with small and 

slow temperature variations. This opens a new 

opportunity to harvest thermal energy from natural 

sources. Since SME and DPE do not lose their 

efficiency at the microscale, the proposed concept is 

suitable for MEMS. MEMS harvester fabrication is 

now in progress using sub-micron multilayers. 

In this work Joule heating of SMA was needed to 

reach the temperature of phase transition. For real 

harvesting of ambient temperature fluctuations, the 

chemical composition of the SMA should be optimized 

in order to reduce the phase transition temperatures to 

room temperature, according to [7].  

 The proposed method of conversion of the 

thermal energy to electrical energy is not direct. Thus, 

the intimate coupling between SMA and piezoelectric 

is a critical point and must be optimized. The proposed 

concept opens an opportunity to harvest thermal 

energy from natural sources.  
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Fig. 4: Output voltage generated by the SME/DPE 

“machine” harvested from a single heating of NiTi wire 
through the thermoelastic transition temperature region. 

The voltage is discharged in the 10 MΩ oscilloscope 
entrance immediately after heating (with a switch). 
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