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A miniature piezoelectric-
thermomagnetic generator for low-
grade waste heat recovery
Maxim Wischnewski1, Joel Joseph1, Makoto Ohtsuka2, Hiroyuki Miki3 & Manfred Kohl1

This paper presents the experimental and model-based investigation of a compact miniature-size 
generator for conversion of low-grade waste heat at temperatures near 100 °C to electricity leveraging 
the combined transducer effects of a thermomagnetic (TM) and a piezoelectric (P) layer. TM energy 
conversion is achieved via the recently developed effect of resonant self-actuation of a cantilever using 
the large temperature-induced change of magnetization at the ferromagnetic transition of a Ni-Mn-Ga 
film. The resulting kinetic energy is converted into electrical energy via the piezoelectric effect of a thin 
lead-zirconium-titanate (PZT) layer, which enables rectification of the harvested energy using standard 
electrical circuitry. The performance of the generator is characterized with respect to the effects of tip 
mass and length of the piezoelectric layer as well as heat transfer and damping. A lumped element 
model (LEM) of the coupled system shows that heat intake and heat dissipation have to be balanced 
to achieve resonant self-actuation, while damping limits the oscillation frequency of the cantilever. A 
single P-TM generator generates an average power output of 0.8 µW at 105 °C. After rectification, this 
corresponds to 1.25 µW/cm² of DC power at a voltage of 2 V DC.

Keywords  Power generation, Waste heat recovery, Thermomagnetic energy harvesting, Magnetic shape 
memory film, Ni-Mn-Ga, Piezoelectric layer, PZT

Waste heat is naturally available as geothermal, volcanic or solar heat4 and generated due to inefficiencies in 
appliances and industrial processes1–3. Estimates suggest that over 60% of the world’s primary energy supply 
ends up dissipated into the environment, primarily as heat1. In particular, heat sources at temperatures of 100 °C 
and below are abundant, offering a nearly untapped resource for energy recovery, which is often neglected due to 
low conversion efficiencies1. In this realm, miniaturized thermal energy harvesters open up novel opportunities 
to convert such low-grade waste heat into electricity. This may enable new routes for supplying autonomous 
sensor systems for the Internet of Things (IoT), portable electronic devices or wearables with electricity1,4,5. By 
continuously recharging, they can extend lifetime and, thus, reduce reliance on batteries enabling maintenance-
free operation in remote or hard-to-reach environments4,6.

Currently, thermoelectrics is the most advanced technology. Thermoelectric generators are solid-state devices 
for converting heat into electricity via the Seebeck effect1,4–7. However, at low temperature differences, the figure 
of merit of thermoelectric materials becomes very low6. At the same time, maintaining a large temperature 
gradient across the thermoelectric generator remains challenging1, requiring large heat sinks or active cooling. 
An alternative are TM generators making use of the large, reversible change of magnetization in TM materials 
at their Curie temperature ( TC). This approach has gained increasing attention recently due to the availability 
of materials with enhanced TM properties8. TM materials exhibit a steep change in magnetization ∆ M/∆ T
, which allows to drive a highly efficient thermomagnetic cycle. The best TM materials can reach an efficiency 
up to 2%, which is about 60% of the upper limit of Carnot efficiency of 3.3% for a temperaure difference ∆ T  
of 10 K and temperature at the hot side of 300 K8. Different approaches of TM generation have been presented, 
which differ by the method of heat transfer and conversion of thermal energy into electricity4,9–14. TM generators 
either convert the thermal energy directly using the magnetization change of the material or indirectly using a 
periodic mechanical motion generated from the magnetization change of the material5,15.

Recent macro-scale devices make use of a heat transfer fluid to enable rapid temperature changes of the 
TM material placed in a magnetic circuit. The resulting changes of magnetic flux are then used to generate a 
current in a pick-up coil according to Faraday’s law1,5. A TM generator featuring a magnetic circuit with pretzel-
like topology is presented in10. This device utilizes two stacks of La–Fe–Co–Si plates functioning as thermally 
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activated magnetic flux switches. An alternative TM generator design is presented in1 using a 3D printed sample 
cabin placed in the center of a hollow cylindrical Halbach permanent magnet.

Miniature-scale devices make use of TM films or TM foils with large surface-to-volume ratio allowing for 
rapid heat transfer through solid-solid contact to heat sink and source12,16–18. Thus, fluid pumps and circuitry 
are avoided allowing for compact system designs. High performance TM generators at miniature scale have 
been developed based on the concept of resonant self-actuation12. This concept relies on the periodic magnetic 
attraction of a TM film placed at the front of a cantilever caused by the field gradient of a permanent magnet, 
which at the same time acts as the heat source. The resulting resonant oscillation of the cantilever in the order of 
100 Hz effectively converts thermal energy into kinetic energy, which is subsequently converted into electricity 
using a pick-up coil. By up-scaling the TM film thickness and geometry optimization, a large power per footprint 
of 50 µW/cm² has been demonstrated14. Resonant self-actuation occurs at small temperature differences of a 
few Kelvins enabling completely autonomous operation and simplified heat management1,5. In the meantime, 
resonant self-actuation has been demonstrated for different TM film materials including Ni-Mn-Ga, Gd and 
LaFeSi14,19,20.

Converting kinetic energy into electricity by induction typically generates low AC voltages and, thus, 
conversion to usable DC power is challenging21. This challenge can be avoided by piezoelectric transduction, 
which inherently produces high voltages facilitating voltage rectification. The mechanical-to-electrical 
conversion efficiency of cantilevered piezoelectric harvesters at resonance approach 44% in the limit of high 
electromechanical coupling22. Cantilever based piezoelectric devices have been widely studied in kinetic energy 
harvesting systems21,23–27. Here, we combine the high efficiency of TM film-induced resonant self-actuation 
with piezoelectric conversion of the resulting kinetic energy into electrical energy. This enables rectification 
and energy storage by standard electrical circuitry, opening up a novel route to generate usable DC power 
from low-grade waste heat. A lumped-element model (LEM) is developed to investigate the effects of heat 
transfer and damping. Several demonstrators of the piezoelectric-thermomagnetic generator (P-TM generator) 
with increasing length of the P layer are fabricated and characterized with respect to their coupled thermal, 
mechanical and electrical performance.

Results
Material properties
The TM material utilized in this investigation is a Heusler alloy Ni-Mn-Ga film. Heusler alloys belong to the 
class of intermetallic compounds, which are characterized by their ordered L21 type crystal structure28. Ni-Mn-
Ga is well known for exhibiting both ferromagnetic as well as ferroelastic properties showing strong coupling 
of crystallographic structure and magnetic ordering29. Ni-Mn-Ga films of 10 μm thickness are deposited on 
a polyvinyl alcohol substrate by RF magnetron sputtering at room temperature using a sputtering power of 
200  W30. As-deposited films are amorphous and, thus, require a heat treatment, which is performed at 
800 °C for 36 ks. The chemical composition of the films is determined by the inductive plasma method to be 
Ni54Mn23.4Ga22.6. Here, the ferromagnetic transition in the Ni-Mn-Ga film is of special interest. Fig. 1(a) shows 
the temperature-dependent magnetization at low magnetic field of 50 mT. At the Curie temperature of about 
80 °C, the magnetization exhibits a sharp change ΔM in a narrow temperature window ΔT with a maximum 
slope ΔM/ΔT of 2.3 Am2(kgK)−1. This will be exploited for TM actuation in the following by modulating the 

Fig. 1.  Magnetic properties of the Ni-Mn-Ga films. (a) Magnetization versus temperature measurement 
of a Ni-Mn-Ga film at a constant magnetic field of 50 mT, showing a steep magnetization change at 80 °C. 
(b) Experimentally determined magnetic attraction force between a 2 × 2 × 0.01 mm³ Ni-Mn-Ga film and 
a permanent magnet of size 3 × 3 × 8 mm³ and a remanent magnetic field of 1.08 T, as a function of film 
temperature at different gap size between film and magnet.
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magnetic attraction force Fmag  between the film and a permanent magnet shown in Fig. 1(b) through a change 
of film temperature Tfilm.

The piezoelectric material used for energy conversion is a polycrystalline lead zirconate titanate (PZT) plate 
of 100  μm thickness that has been thinned down to 30  μm by mechanical polishing. PZT materials have a 
perovskite crystal structure and exhibit large piezoelectric coefficients in compositions near the morphotropic 
phase boundary, which is characterized by the coexistence of rhombohedral and tetragonal phases enhancing 
the piezoelectric response31,32. The high Curie temperature of PZT materials prevent temperature induced 
depolarization32, making them suitable for applications at elevated temperatures. Here, a commercially available 
bulk PZT plate is used with transverse piezoelectric coefficient d31 of -315∙10− 12  C/N, compliance s11 of 
14.2∙10− 12  m²/N and a relative dielectric constant ϵ 33 of 4500, resulting in a transverse electro-mechanical 
coupling coefficient k31 of 0.42.

Device layout and setup
Figure. 2(a) depicts a schematic of the multilayer P-TM generator, which comprises two functional layers for 
energy conversion: a soft-magnetic layer of two stacked Ni-Mn-Ga films bonded to the front of a cantilever after 
heat treatment and a piezoelectric layer of PZT bonded to the onset of the cantilever. The cantilever is made 
of metal with sufficiently high thermal conductivity, such as CuZn. Above the TM layer, a heated permanent 
magnet of SmCo provides for a large gradient of magnetic field and, at the same time, acts as the heat source for 
thermal energy harvesting. Further details on the experimental setup are presented in the Methods section. The 
materials and geometrical parameters are designed to enable resonant self-actuation of the cantilever. When the 
temperature of the TM layer is below TC , the magnetization of the TM layer and the magnetic field gradient 
result in a magnetic attraction force bending the cantilever towards the heated magnet. At contact, the TM layer’s 
temperature increases resulting in a reduction in magnetization and consequently in magnetic attraction force. 
Once the cantilever’s elastic restoring forces become dominant, the TM layer loses contact to the heat source 
and swings back towards its initial position. Thereby, it cools down by heat conduction via the metal layer and 
heat convection. Once the magnetization of the TM layer is sufficiently restored, the actuation cycle restarts 
resulting in self-actuation of the cantilever as long as thermal energy is available. When the heat intake and 
dissipation within a cycle are balanced with the mechanical cycle, resonant self-actuation is achieved, in which 
case a continuous oscillation occurs with constant amplitude over time. Due to the short duration of each cycle, 
the heating time at contact is in the order of milliseconds, while the temperature change can be as low as a few 
Kelvin14.

 The piezoelectric layer is designed to convert the kinetic energy of the oscillating cantilever into electrical 
energy making use of the bending-induced mechanical stress. A fabrication strategy is adopted that includes 
mechanical thinning of the PZT plate to a final thickness of 30 μm. The PZT plate is bonded onto the cantilever 
using a conductive epoxy layer. To maximize stress, the PZT layer is clamped to the supporting substrate to 
increase rigidity at the fixed end. The benefits of integrating bulk materials through bonding techniques with 
subsequent thinning by mechanical grinding have been demonstrated, e.g., in23,26,33. The design includes an 
additional tip mass to tune the cantilevers’ natural frequency, matching the mechanical and thermal cycle times 
required for resonant self-actuation. Table 1 in the Methods section summarizes the material parameters. The 
geometrical parameters of the devices under test are given in Table S1 in the Supplementary Information. Several 
P-TM generators with varying length of the piezoelectric layer ( Lp), between 3 and 7 mm, are characterized 
with respect to thermomagnetic actuation amplitudes and frequencies, as well the electrical power output. 
Measurement details are given in the Methods section.

Fig. 2.  Layout of the P-TM generator. (a) Schematic drawing; (b) and (c) photos of two demonstrator devices 
(top view) with different lengths of the piezoelectric layer of Lp 3 and 7 mm, respectively. Legend: (1) TM 
layer; (2) cantilever, (3) piezoelectric layer with top electrode.
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Parameters used by all device variants Reference

TM layer width and length [mm] 2 This work

TM layer thickness [µm] 20 This work

TM layer density [kg m− 3] 8020 39

TM layer thermal conductivity [W m− 1 K− 1] 23.2 39

TM layer specific heat capacity [J kg− 1 K− 1] 490 39

TM bonding layer width and length [mm] 2 This work

TM bonding layer thickness [µm] 30 This work

TM bonding layer density [kg m− 3] 1250 39

TM bonding layer conductivity [W m− 1 K− 1] 0.33 39

TM bonding layer specific heat capacity [J kg− 1 K− 1] 2100 39

Cantilever length [mm] 10 This work

Cantilever width [mm] 2 This work

Cantilever thickness [µm] 20 This work

Cantilever density [kg m− 3] 8500 39

Cantilever thermal conductivity [W m− 1 K− 1] 109 39

Cantilever specific heat capacity [J kg− 1 K− 1] 400 39

Piezoelectric layer width [mm] 2 This work

Piezoelectric layer thickness [µm] 30 This work

Piezoelectric layer density [kg m− 3] 8100 Data sheet

Piezoelectric layer thermal conductivity [W m− 1 K− 1] 1.2 Data sheet

Piezoelectric layer specific heat capacity [J kg− 1 K− 1] 380 Data sheet

Piezoelectric bonding layer width [mm] 2 This work

Piezoelectric bonding layer thickness [µm] 15 This work

Piezoelectric bonding layer density [kg m− 3] 3500 40

Piezoelectric bonding layer thermal conductivity [W m− 1 K− 1] 29 Data sheet

Piezoelectric bonding layer specific heat capacity [J kg− 1 K− 1] 173 40

Thermal contact area [mm²] 4 This work

Contact stiffness [N m− 1] 1ꞏ1012 This work

Contact damping coefficient [N m− 1 s] 1ꞏ104 This work

Source temperature Tsource [K] 373 This work

Air temperature Tair [K] 295 This work

Substrate temperature Tsubstrate [K] 295 This work

Load resistance Rload [kΩ] 500 This work

Parameters of individual P-TM generators Reference

Lp [mm] 3 4 5 6 7 This work

m [mg] 7 20 30 40 80 This work

k [N m− 1] 0.84 1.63 2.06 2.09 3.28 This work

d1 [µN s m-1] 195 195 343 634 1291 This work

d2 [µN s2 m-2] 100 500 800 1000 2000 This work

ci [µC m− 1] 4 12 15 23 31 This work

C0 [nF] 7.12 8.17 9.36 10.50 12.93 This work

hconv [W m− 2 K− 1] 560 320 200 125 64 This work

hcont [W m− 2 K− 1] 16.1 14,7 17.7 13.3 7.3 This work

Emag [µJ] 4.8 4.8 3.7 2.7 0.7 This work

Qin [mJ] 18.2 13.8 11.4 10.1 8.0 This work

η T M [%] 0.026 0.035 0.033 0.026 0.008 This work

k2
eff [%] 0.27 1.07 1.15 2.35 2.22 This work

Table 1.  Summary of the parameters used for LEM simulations and parameters of individual P-TM 
generators. Legend: Lp– Length of the piezoelectric layer, m – tip mass, k – effective stiffness, d1 – viscous 
damping coefficient, d2 – quadratic damping coefficient, ci – force factor, C0 – capacitance of piezo element, 
hconv  – convection coefficient, hcont – heat transfer coefficients at contact, Emag– magnetic energy per 
cycle, Qin – input thermal energy per cycle, η T M  – efficiency of TM conversion, k2

eff  – effective electro-
mechanical coupling coefficient.
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Lumped-element model
A lumped element model (LEM) approach is used to describe the thermo-magneto-mechanical and 
electromechanical coupling effects in the P-TM generator. Thereby, the details on spatial temperature 
gradients and non-uniform stress distributions are subsumed in effective adjustment parameters allowing 
for a computationally efficient approach to describe the dynamic performance of the P-TM generator and its 
parameter dependencies at the system level. The procedure is detailed in the Methods section.

Coupled thermo-magneto-mechanical performance
The coupling of the different sub-models allows to match simulation and experimental results and, thus, to 
investigate the conditions for resonant self-actuation as well as identifying the optimal performance parameters 
for maximum power during resonant self-actuation. This is demonstrated in the following for the time-resolved 
mechanical performance of a P-TM generator having a piezoelectric layer of length Lp = 7 mm for a constant 
source temperature Tsource of 100 °C.

Figure 3(a) shows experimentally determined displacement characteristics of the cantilever tip for a tip mass 
of 20 and 80 mg. For the tip mass of 20 mg, the oscillation amplitude decays roughly by a factor of 2 within three 
oscillation cycles starting from an initial amplitude of about 1.25 mm. After about 100 ms, the cantilever tip 
returns to the surface of the magnet indicating that the magnetic attraction becomes sufficiently strong again to 
pull the TM layer back and to repeat this sequence.

For the tip mass of 80 mg, however, resonant self-actuation occurs, which is reflected by the continuous 
oscillation of about 17  Hz with large constant amplitude. This performance is well reproduced by the LEM 
simulations shown in Fig. 3(b) even though the simulated oscillation stroke and frequency of resonant oscillation 
are larger to some extent. In the case of resonant self-actuation, the frequency of the thermal cycle matches 
the mechanical oscillation frequency, i.e., the heating time at contact to the heat source (permanent magnet) 
allows for a sufficient temperature increase for the cantilever to retract and the cooling time allows for sufficient 
temperature decrease to regain sufficient magnetic attraction in order to sustain continuous oscillation.

The corresponding simulated temperature changes are displayed in Fig. 3(c). For the tip mass of 20 mg, a 
considerably longer cooling time is needed to recover sufficient magnetic attraction for the contact with the 
magnet compared to the case of 80 mg. This is due to the larger oscillation frequency and corresponding shorter 
mechanical oscillation cycle, during which the temperature does not decrease sufficiently. Consequently, the 
needed cooling time extends over three oscillations, whereby the average temperature of the TM layer reaches 
a minimum of approximately 80 °C. In the case of resonant self-actuation, the temperature change during one 
oscillation cycle is about 13 K corresponding to a minimal temperature of the TM layer of approximately 86 °C. 
Under stationary conditions, the corresponding temperature of the cantilever remains almost constant at about 
85 °C. In summary, we can infer that increasing the tip mass reduces the oscillation frequency and, thus, provides 

Fig. 3.  Time-resolved displacement characteristics of the cantilever tip and corresponding simulated course of 
average temperatures of the TM layer for a P-TM generator with piezoelectric layer of length Lp = 7 mm at a 
source temperature Tsource of 100 °C. Experiment characteristics (a) and LEM simulations (b) are shown for 
a tip mass of 20 and 80 mg. The simulations qualitatively capture the oscillation behavior in the two scenarios. 
Resonant self-actuation is observed for a tip mass of 80 mg indicating that the cooling time needed to regain 
sufficient magnetic attraction matches the time duration of mechanical oscillation. The LEM-simulations of 
TM layer temperature (c) reflect the thermal duty cycles for the tip mass of 20 and 80 mg. Legend: Tfilm – 
temperature of TM layer, Tcant – temperature of cantilever.
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more time for the TM layer to cool and for the magnetic force to recover. In addition, the influence of damping 
has to be considered, as will be further discussed in the following.

Figs.  4(a, b) show the stiffness and damping coefficients extracted from step‑response experiments as a 
function of the piezoelectric‑layer length Lp. Typical step-response characteristics are shown in Figs. S1 and S2 
in the Supplementary Information. The damping forces comprise different damping effects including intrinsic 
material-dependent dissipation and viscous air damping. Electromechanical coupling effects do not enter, as 
the step responses are conducted under short-circuit condition. The piezoelectric layer length affects the elastic 
and damping forces. As Lp increases, both stiffness and damping increase. The stiffness rises with Lp for a 
fixed total cantilever length of 10 mm, because a longer piezoelectric segment leaves a shorter proportion of 
the compliant cantilever material and, thus, increases the overall flexural rigidity. In particular, the damping 
coefficients exhibit a nonlinear increase, indicating that the structural loss becomes increasingly dominant 
for longer piezoelectric sections. Fig. S4 in the Supplementary Information shows the LEM simulation results 
for the average mechanical power during resonant self-actuation, along with the corresponding contributions 
of dissipated power as a function of Lp. For Lp of 7 mm, more than 90% of the input energy is dissipated 
through structural damping. As the damping contribution decreases with decreasing Lp, structural damping 
accounts forapproximately 50% of the dissipation at Lp of 5 mm and about 10% at Lp of 3 mm. The remaining 
kinetic energy is primarily dissipated upon impact with the magnet, while only a small fraction is consumed by 
load-dependent electrical damping. The required tip mass increases with the piezoelectric length (see Table 1), 
underscoring the need to balance the enhanced dissipative forces with additional inertia to maintain a stable and 
continuous oscillatory motion.

The fabricated P-TM generator devices exhibit stable, resonant self-actuation near the source temperature 
Tsource of 100  °C. Under these conditions, Figs.  4(c) and (d) show experimental and simulated stroke and 
frequency values, respectively. As Lp decreases and cycling frequency increases, the average heat intake as well 
as the heat dissipation via forced convection increase, as will be discussed in the following. The increasing cycling 
frequency causes an increase of the mean mechanical power delivered by the magnetic interaction, which is 
shown in Fig. S4 in the Supplementary Information.

The mechanical-to-electrical energy conversion of a piezoelectric structure is characterized by the effective 

electromechanical coupling coefficient k2
eff = c2

i

C0k + c2
i

, whereby ci is the so-called force factor, C0 is the 

Fig. 4.  Mechanical performance metrics of the P‑TM generators as a function of the piezoelectric‑layer 
length Lp. (a, b) Effective stiffness k and viscous ( d1) / quadratic ( d2) damping coefficients of the cantilever 
determined from step-response experiments (see Fig. S1 in the Supplementary Information) versus the length 
of piezoelectric layer Lp. (c) Experimental and simulated stroke of cantilever oscillation versus Lp. (d) 
Experimental and simulated frequency of cantilever oscillation showing a nonlinear decrease for increasing 
Lp.
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capacitance and k the effective stiffness34. During oscillation, energy is exchanged between elastic energy, 
kinetic and electrical energy. The effective electromechanical coupling coefficient k2

eff quantifies the ratio of 
converted energy and total (electrical and elastic) energy. The capacitance C0 is estimated using an inductance-
capacitance-resistance (LCR) meter, at frequencies far above the frequencies of cantilever oscillation given 
in Table S2 in the Supplementary Information. The coupling coefficients k2

eff  reach 2.35% and 2.22% for 
P‑TM generators with a piezoelectric length Lp of 6 and 7 mm, respectively, which compares with soft-PZT-
based unimorph devices35,36, and decrease to 0.27% for Lp=3 mm. The results on coupling coefficients k2

eff  
are summarized in Table 1. These results may be compared with simulated average mechanical power of the 
oscillator and the effect of the different damping mechanisms on power dissipation due to mechanical impact 
of the cantilever tip with the magnet, structural damping and electromechanical damping, as shown in Fig. S4 
in the Supplementary Information. The LEM simulations indicate that the contribution of electromechanical 
damping to overall damping increases from 0.2% ( Lp=3  mm) up to 12% ( Lp=7  mm) indicating a strong 
increase of power conversion for increasing Lp.

Tip mass and cantilever stiffness serve as a tuning parameter for resonant self‑actuation, yet the operating 
frequency fop also depends crucially on heat intake and heat dissipation. In the design, heat intake is optimized 
through the contact area between TM layer and heated magnet and minimization of roughness of the contacting 
surfaces. Figure  5(a) summarizes the simulated average heat intake and dissipation versus length of the 
piezoelectric layer Lp of a P‑TM generator operating in resonant self-actuation mode. The heat intake increases 
for decreasing Lp following the trend of increasing oscillation frequency and decreasing damping. In the present 
case, the heat intake increases from 180 to 800 mW for decreasing Lp from 7 to 3 mm, respectively. At the same 
time, conductive and convective heat transfer through the TM layer increase, whereby heat conduction via the 
bonding layer to the cantilever is the dominant mechanism.

The heat transfer to the cantilever depends on the thermal resistivity of the TM layer’s bonding layer and 
the temperature difference between TM layer and cantilever. For efficient operation the bonding layer’s thermal 
resistance must exceed a critical threshold to prevent thermal short-circuiting37. This is demonstrated in Fig. 5(b) 
for a P-TM generator with Lp = 7 mm and a tip mass m = 80 mg. For decreasing bonding layer thickness, the 
actuation stroke exhibits an abrupt drop below a critical value, because the input thermal energy dissipates too 
quickly to cause a suitable change in magnetic force. Therefore, tuning of thermal resistances is required to 
control heat dissipation.

Owing to the small cross-section of the cantilever, the thermal resistance of the cantilever limits the 
maximum heat flow that can be dissipated by conduction to the substrate. Assuming a source temperature of 
100 °C, a substrate temperature of 22 °C and a thermal resistance of about Rcant, 1970 KW− 1 at Lp of 7 mm, 
the maximum heat flow to the substrate is only about 40 mW. This value further decreases for increasing Lp as 
heat convection strongly increases for increasing frequency. Therefore, conduction to the substrate through the 
cantilever plays a minor role for heat dissipation. In this case, roughly 80% of heat intake must be rejected via 

Fig. 5.  LEM simulation of heat transfer rates and oscillation stroke. (a) Average heat intake and dissipation 
versus length of the piezoelectric layer Lp of a P‑TM generator with a tip mass of 80 mg at a source 
temperature of 100 °C. Legend: Q̇in – average heat intake, Q̇cond,film – heat transfer rate by conduction via 
the TM layer to the cantilever, Q̇conv,film - heat dissipation rate by convection via the TM layer, Q̇cond,cant 
- heat dissipation rate by conduction via the cantilever to the substrate, Q̇conv,cant - heat dissipation rate by 
convection via the cantilever and piezoelectric layer. (b) LEM simulation of oscillation stroke versus bonding 
layer thickness hbond of a P‑TM generator with Lp of 7 mm and a tip mass of 80 mg for different heat source 
temperatures as indicated. Below a critical layer thickness, the oscillation stroke drops abruptly because the TM 
layer is thermally short-circuited to the cantilever.
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forced convection to the surfaces of the cantilever and piezoelectric layer. Thereby, the low thermal resistance 
of the piezoelectric layer and its bonding layer, of below 16 KW− 1, does not impede heat transfer. The increase 
of forced convection with increasing oscillation frequency results in lowering the cantilever temperature and, 
in turn, allows for enhanced heat transfer from the TM layer to the cantilever. As damping adversely affects the 
oscillation frequency (Fig. 4b), low damping is desirable for efficient heat dissipation.

Electrical power output
The mechanical oscillation of the P-TM generator is converted into an AC voltage signal with peak voltage 
up to 1.3 V. These voltage levels enable power rectification, as demonstrated in Fig. S5 in the Supplementary 
Information. Figure 6 summarizes the experimental results on average AC power output of the P-TM generators 
for different piezoelectric layer lengths Lp of 3, 5 and 7 mm. The heat source temperature is varied in the range 
of 50–200 °C, while the load resistances cover the range up to 950 kΩ. For all P-TM generators, the peak power 
output occurs near a heat source temperature of 100 °C at a load resistance of 400 to 500 kΩ. The maximum AC 
power output increases with Lp demonstrating enhanced energy conversion capability. Maximum AC power 
output of 0.8 µW is obtained for the device with largest Lp of 7 mm, which corresponds to a power per device 
footprint of 4 µW/cm². At smaller lengths of the piezoelectric layer Lp of 5 and 3 mm, the maximal AC power 
reaches 0.7 and 0.6 µW, respectively. The decrease in AC power output for decreasing Lp correlates with a 
noticeable increase in the temperature bandwidth. While all TM generators start operating at a heat source 
temperature of around 75 °C, the maximum operational temperature decreases from about 180 °C for Lp of 
3 mm, to about 160 °C and 130 °C for Lp of 5 and 7 mm, respectively. This indicates a trade-off between AC 
power output and operational temperature range.

Discussion
We present a compact P-TM generator with a footprint of 10 × 2 mm² for conversion of low-grade waste heat 
at temperatures near 100  °C to electricity. The development of first demonstrators with multilayer design is 
presented including a piezoelectric layer of PZT and a TM layer of Ni-Mn-Ga with 30 μm and 20 μm thickness, 
respectively. The demonstrators are fabricated by hybrid integration of TM film and piezoelectric layer using 
standard bonding technologies. The coupled thermal-mechanical-electrical interaction between the different 
layers is investigated experimentally and by lumped-element simulations. In particular, the effects of tip mass 
and length of the piezoelectric layer as well as heat transfer and damping on resonant self-actuation are analyzed 
to elaborate design criteria for optimal power conversion.

Tip mass and cantilever stiffness are important tuning parameters to achieve resonant self‑actuation. At too 
small tip mass and high stiffness, the mechanical oscillation frequency is too high for sufficient heat transfer 
during a thermal cycle. Thus, several oscillations are required for the TM layer to cool in order to regain sufficient 
magnetic attraction and to sustain continuous oscillation. We present an experimental parameter study by 
changing the piezoelectric layer length Lp, while maintaining the overall cantilever length. Increasing the length 
of the piezoelectric layer causes an increase in cantilever effective stiffness and damping. The resulting change 
of frequency can be compensated by adjusting the tip mass. However, low damping is desirable for efficient heat 
transfer through convection, as damping adversely affects the oscillation frequency and stroke. A reduction in 

Fig. 6.  Experimentally determined electrical AC power output of the P-TM generators with respect to source 
temperature and load resistance for different lengths of piezoelectric layer Lp of 3 mm (a), 5 mm (b) and 
7 mm (c). The values given are root-mean-square values determined from load and current.
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actuation stroke leads to an increase of minimal gap between TM layer and magnet during oscillation and, thus, 
hampers regaining magnetic attraction. Therefore, any change of actuation stroke requires adjustment of the 
distance between heated magnet and cantilever tip.

Resonant self-actuation relies on a careful synchronization of the oscillatory motion and thermal cycle of the 
TM layer: The magnetic attraction force needs to overcome damping forces so that the TM layer returns close to 
the magnet in each oscillation cycle. In addition, the heat intake at contact between TM layer and heated magnet 
needs to enable a sufficient temperature increase for the cantilever to retract, while heat dissipation must allow 
for sufficient temperature decrease of the TM layer to regain sufficient magnetic attraction in order to sustain 
continuous oscillation. The presented LEM simulations on time-dependent actuation stroke and frequency 
(Fig. 3) as well as the time-dependent AC power signals (Fig. S6) well describe the experimental results, which 
validates our LEM model.

The P-TM generators show a rather large temperature bandwidth as presented in Fig.  6. Thus, slight 
deviations in TC  have no impact on performance, as long as the source temperature Tsource is not too close to 
TC . The temperature bandwidth of resonant self-actuation is due to a self-tuning effect14. For increasing source 
temperature Tsource, heat intake increases, which is compensated by increasing oscillation frequency and 
corresponding convective cooling. This self-tuning effect is observed until a critical maximum Tsource, at which 
heat input can no longer be compensated by heat dissipation. In this case, heat intake and heat dissipation get 
out of balance resulting in an increase of the TM layer’s mean temperature, which in turn reduces the change of 
magnetic actuation force. At too low heat source temperatures, the heat intake is not enough to cause a sufficient 
change of magnetic attraction force. Both effects give rise to an optimal temperature window of resonant self-
actuation. The different temperature regimes are accurately described by the LEM simulations. However, the 
model is not intended to predict the full nonlinear dynamic transitions between the different regimes, which 
may occur rather abruptly depending on the TM material (maximum magnetization, ∆ M / ∆ T ) and system 
parameters.

In the present design, forced heat convection via the surfaces of cantilever and piezoelectric layer is the 
dominant heat dissipation mechanism. The presented LEM simulations show that the bonding layer between 
piezoelectric layer and cantilever, as well as the piezoelectric layer itself, have only a minor effect on convective 
heat transfer and, thus, favor heat dissipation. Further improving the thermal conductivity of the cantilever 
is desirable to improve heat transfer through to the substrate and to further enhance thermomagnetic cycle 
frequency.

Both, heat intake and heat losses determine the maximum temperature change of the TM layer. For the 
investigated P-TM generator with two stacked Ni-Mn-Ga layers of 10 μm thickness and a heat source temperature 
of 100 °C, the TM layer temperature varies between about 99 and 86 °C. This temperature change decreases for 
decreasing heat source temperature. Below 75 °C, it becomes too small to enable a sufficient change of magnetic 
attraction required for resonant self-actuation.

The presented P-TM generators produce a maximum AC power output near a heat source temperature of 
100 °C at a load resistance in the range of 400–500 kΩ. The maximum AC power output increases with the length 
of piezoelectric layer Lp despite the decrease in heat intake (Fig. 5) and resulting decrease in frequency and stroke 
of resonant self-actuation. However, this decrease is compensated by the strong increase of electromechanical 
coupling between cantilever and piezoelectric layer. Our analysis of damping mechanisms presented in Fig. 
S4 in the Supplementary Information reveals a strong increase of electromechanical damping from 0.2% to 
12% indicating a strong increase of power conversion for increasing Lp. The AC power reaches a maximum 
of 800 nW at Lp of 7 mm, which corresponds to a maximal AC power per device footprint of 4 µW/cm². At 
the same time, the temperature window of resonant self-actuation decreases from 75° − 180 °C for Lp = 3 mm 
to 75°-130  °C for Lp = 7  mm indicating a trade-off between operational temperature range and AC power 
output. At small Lp, the damping is rather low (Fig. 4) and, thus, the P-TM generator can sustain oscillation at 
lower magnetic forces occurring at larger operation temperatures. In addition, the higher frequency at small Lp 
allows to dissipate more heat input through enhanced heat convection, which enables resonant self-actuation at 
higher heat source temperatures. On the other hand, electromechanical coupling strongly decreases at small Lp 
resulting in reduced power output.

The piezoelectric layer converts the mechanical energy to electrical energy at a sufficiently high voltage level 
of 1.3 V AC. The presented approach of combing TM film-induced resonant self-actuation with piezoelectric 
conversion facilitates voltage rectification opening up a route to generate usable DC power from low-grade waste 
heat. After rectification, this corresponds to 1.25 µW/cm² of DC power at a voltage of 2 V DC, as demonstrated 
in Fig. S5 in the Supplementary Information.

When comparing the power densities with TEG devices, the temperature difference and length scale should 
be taken into account, as it defines the applicability and competitiveness12. The AC power output of the P-TM 
generator compares well with state-of-the art TEG devices at the mm-length scale, if the size of the heat sink is 
taken into account. This is due to limitations in microfabrication of TEG devices, which strongly limits ∆ T  
requiring large heat sinks exceeding the size of the TEG module1. This is confirmed by a recent investigation on 
TEG devices for body temperature harvesting achieving a power density of 7 µW/cm² at ΔT of 7 K when using 
a plate fin sink for heat dissipation through natural convection38.

Conclusions
This paper presents the development of a compact generator for conversion of low-grade waste heat at temperatures 
near 100 °C to electricity. Thermal energy is converted in two steps comprising resonant self-actuation of an 
elastic cantilever using the large temperature-induced change of magnetization at the ferromagnetic transition 
of a TM film of Ni-Mn-Ga and subsequent piezoelectric conversion of mechanical energy of the oscillator into 
electrical energy using a PZT layer. The performance of the generator is characterized experimentally and by 
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LEM simulations to elucidate the effects of tip mass and length of the piezoelectric layer as well as heat transfer 
and damping. Tip mass and cantilever stiffness serve as a tuning parameter for the frequency of resonant 
self‑actuation. In addition, heat intake and heat dissipation have to be matched, which is achieved by optimizing 
the heat transfer at contact to the heat source (heated magnet) and tuning the thermal resistivity of the TM layer’s 
bonding layer as well as by tuning the frequency. Thereby, the temperature change of the TM layer determines 
the change in magnetic attraction required to overcome damping and to sustain continuous oscillation. The 
peak voltage generated by piezoelectric conversion enables rectification using standard electrical circuitry. In 
optimal case, a single P-TM generator generates an average AC power output of 4 µW/cm² allowing for 1.25 µW/
cm² of DC power after rectification. As the TM film is exposed to low strain and small ∆ T  at the cantilever, 
long lifetime is expected. This has been confirmed by running the P-TM generators for three days without any 
degradation corresponding to more than 5 million cycles. As the Curie temperature of PZT material of 180 °C is 
well above the temperature of the cantilever during resonant self-actuation, no depolarization effects have been 
observed. The results indicate that further improvement of material properties and design, e.g. increasing the 
thermal conductivity of the cantilever and tuning the intrinsic damping and thickness of the piezoelectric layer, 
will enable further enhancement of energy conversion and optimization of power output. From our analysis we 
also infer that the current thickness of the piezoelectric layer of 30 μm should be further reduced to improve 
coupling between cantilever and piezoelectric layer at large Lp to enhance the intake of mechanical power 
and further optimize power output. Concerning material strategies, the use of piezoelectric material with high 
Q-factor is beneficial.

This investigation is based on Ni-Mn-Ga films with Curie temperature Tc of 80 °C allowing for resonant self-
actuation at about 100 °C. The presented results and insights may well be transferred to other high-performance 
TM layers with large temperature-dependent change in magnetization within a narrow temperature interval 
∆ M/∆ T  near room temperature. Upscaling the number of oscillators to oscillator arrays with corresponding 
power conditioning circuitry will allow increasing the overall power output and, thus, bridging the gap toward 
applications like, e.g., autonomous sensor systems and low-power electronic devices. Currently, fabrication 
tolerances of fabrication at lab scale are a major limitation in upscaling. Regarding thermal management, 
precise alignment of the cantilevers with respect to the heat source poses a challenge on fabrication technology. 
Regarding electrical integration, rectification of the output of the oscillator array requires either synchronous 
operation of all oscillating cantilevers or rectification of the AC voltage signals of each oscillating cantilever.

Methods
Experimental
A high temperature permanent magnet of Samarium Cobalt (SmCo) with operating temperature tolerance up to 
350 °C is used as the magnetic field and heat source. It has a cross-sectional area of 3 × 3 mm² and an axially pole 
distance of 8 mm. The magnet is positioned with respect to the Ni-Mn-Ga film surface at an optimum distance 
and angle using a digital microscope to ensure maximum contact but to avoid impact to the magnet surface 
under operation. The magnet is heated until a stationary temperature is reached before experiments are started. 
The heated magnet can be translated and rotated using motorized stages, enabling controlled alignment with 
respect to the cantilever front. A laser position sensor is used to determine the displacement of the cantilever tip, 
while current and voltage amplifiers are used to measure the electrical signals across the load resistor. The analog 
signals are recorded using a 32-bit data acquisition unit at a sample rate of 15 kS/s. Afterwards, a mean filter of 
5 samples and a stride of 5 is applied, to down sample and filter the signals. The variable load allows selection 
between 16 known resistance values in a range of 0 and 1 MΩ. Root-mean-square (RMS) power is calculated 
using the current signal and the selected load value. The thermal energy harvesting performance is characterized 
with respect to source temperature under quasistatic conditions by ramping the magnet temperature at a rate of 
approximately 2 K/min from 60 °C to 180 °C. At the same time, the load resistance is continuously stepped through 
its defined values while displacement, voltage, and current are recorded in 3 s intervals. Power is calculated for 
each load-temperature pair and linearly interpolated between points to generate the colored power-temperature-
load plots shown in Fig. 6. Effective stiffness, damping and piezoelectric coupling coefficients are derived from 
experimental step response tests with short-circuited electrical terminals. Step response is performed on the 
same setup by deflecting and releasing the cantilever through specific magnet movements. From the measured 
step response, the effective mechanical parameters are derived as follows. Parameters k = (2πf0)2 m and 
d1 = 2mD are determined using the tip mass m, eigenfrequency f0 and decay rate D of the step response’s 
oscillatory decay. Tip mass is measured using a precision scale. The fit function

	 g (t) = A · sin (2π ft + ϕ ) · exp (−Dt) + a� (1)

    
is used to determine eigenfrequency and decay rate of the first three oscillatory cycles. Parameter d2 is 

adjusted to match the first positive peak amplitude of simulated and experimental step responses. Typical step 
responses are shown in Fig. S1 in the Supplementary Information. Force factors ci = I/ (2π fX) are determined 
by using the fit function (Eq. (1)) to current and displacement signals of the step response, which is shown in 
Fig. S2 in the Supplementary Information. Values I  and X  are the current and displacement amplitudes ( A) 
of the fit function. The force factors based on the experiments on Players of thickness 30 μm compare well with 
simulated force factors (FEM, Comsol Multiphysics) as shown in Fig. S3 in the Supplementary Information 
using datasheet values of corresponding bulk piezoelectric materials indicating that mechanical thinning did 
not affect the piezoelectric properties.
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Lumped element model
The model is divided into magnetic, mechanical, thermal and electrical sub-models that are linked via scalar 
state variables, as shown in Fig. 7(a). The magnetic sub-model considers experimentally determined magnetic 
attraction forces Fmag  between a Ni-Mn-Ga film sample and the permanent magnet as a function of film distance 
and film temperature Tfilm, which are listed in a lookup table. The distance- and temperature-dependent 
characteristics of magnetic attraction force are presented in Fig. S7 in the Supplementary Information. The 
efficiency of TM conversion is given by the ratio of magnetic energy Emag  and input thermal energy Qin 
( η T M = Emag/Qin) per cycle. The output magnetic energy Emag  is obtained by calculating the enclosed area 
of the TM cycle, while Qin is estimated by thermal LEM simulations as described below. A typical TM cycle 
is shown in Fig. S8 for the case of Lp=7 mm in the Supplementary Information. The resulting efficiencies are 
summarized for the different Lp in Table 1.

The mechanical sub-model considers the one-dimensional equation of motion

Fig. 7.  Schematic overview of the LEM. (a) Coupling between each physical sub-model. The magnetic sub-
model is represented by a lookup table that returns the magnetic force as a function of distance between TM 
layer and heated magnet and temperature of the TM layer. The mechanical dynamics are described by Eq. (2). 
(b) Equivalent circuit used in the electrical sub-model to describe the piezoelectric coupling by the force factor 
ci, a speed ( ẋ) controlled current source and a voltage meter, which feeds back the counteracting force Fpiezo

. C0 represents the capacitance of the piezoelectric layer and RL the load resistor. (c) Schematic diagram 
illustrating the heat intake, conduction and convection paths in the P-TM generator. In the thermal sub-model, 
each component is represented by a thermal mass and thermal resistivity, forming a thermal network. (d) 
Corresponding thermal network used in the thermal sub-model. The red and blue arrows indicate the effective 
conductive and convective heat transfer directions. At the top left of the thermal network, a position x – 
controlled switch is used to model the heat transfer from the heat source to the TM layer through the contact 
resistance Rcontact. When not in contact with the heat source, the switch connects the TM layer to an ambient 
temperature reservoir via Rconv,f , modeling convective heat dissipation of the TM layer.
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	 mẍ + d1ẋ + d2ẋ |ẋ| + kx = Fcontact + Fpiezo + Fmag � (2)

 approximating the motion of the tip mass m, that is attached to the cantilever with stiffness k. Damping 
forces are described by the damping coefficients d1 and d2, whereby the quadratic damping coefficient d2 
is used to better describe the strong damping effects introduced by the PZT material leading to a non-linear 
step response that cannot be adequately described by viscous damping ( d1) alone, which is demonstrated in 
Fig. S1 in the Supplementary Information. The force at the rigid contact between cantilever front and magnet, 
Fcontact, is modeled by a large stiffness and additional damping coefficient that engage only during contact. 
The piezoelectric reaction force Fpiezo is part of the electromechanical coupling, which is determined in the 
electrical sub-model. Figure 7(b) shows the circuit in the electrical sub-model including the capacitance of the 
piezoelectric layer and the load resistor. Here, the linear electromechanical coupling is modeled using the force 
factor ci, a speed controlled current source and voltage meter.

The thermal sub-model describes the heat intake, heat flow and heat dissipation of the P‑TM generator, 
which is illustrated in Fig.  7(c). The heat intake from heat source (heated magnet) to TM layer depends on 
the heat transfer coefficient at contact. Heat dissipation occurs via heat transfer through the non-conductive 
bonding layer, which is a non-conductive epoxy. Changing the thickness of the bonding layer changes the 
thermal resistance between TM layer and cantilever. Thus, the heat flow to the cantilever can be controlled by 
changing the thickness of the bonding layer, which is an important parameter to control the balance of heat 
intake and dissipation. Heat is dissipated by heat conduction along the cantilever and heat convection mainly 
via the surfaces of the cantilever and piezoelectric layer, whereby the convective heat transfer coefficient largely 
depends on the oscillation frequency. Each component of the P‑TM generator, such as the TM layer, bonding 
layers, cantilever, and piezoelectric layer, is represented by a thermal capacitance and a thermal resistance that 
model its thermal mass and thermal resistivity, respectively39. The thermal resistance for conduction through a 
component is expressed as Rcond = l

kcond· Acond
 where l is the conduction length, Acond the cross‑sectional 

area for conduction, and kcond the material’s thermal conductivity. In the resulting thermal network (Fig. 7(d)) 
thermal energy is transferred from nodes with higher temperature to nodes with lower temperature. The absolute 
temperature in Kelvin of a component is obtained from T = q

Cth
 with q denoting the stored thermal energy 

and Cth the thermal capacitance.
The heat transfer from the magnet to the TM layer is modeled using a position-controlled switch inside the 

thermal network, as seen on the top left side of Fig. 7(d). When the TM layer contacts the magnet, the switch 
in the thermal network connects Cfilm to the heat reservoir at a constant temperature Tsource via the contact 
resistance Rcontact. Consequently, the TM layer’s temperature raises as heat is absorbed. The effective contact 
time is estimated based on the duration during which the cantilever front remains within the gap between 
cantilever front and magnet of about 0.2 mm, assuming that heat intake occurs not only through direct solid-
solid contact but also through hot air within this gap. At a heat source temperature of 100 °C, this estimate gives 
rise to effective heat transfer coefficients and input thermal energies per cycle Qin that are summarized in 
Table 1 versus Lp.

In the absence of contact, a portion of the heat in the TM layer conducts to the cantilever through the 
bonding layer, while the other part is dissipated by convection. Convection occurs when air molecules in the 
vicinity exchange thermal energy with the surface. Because the cantilever is at a higher temperature than the 
surrounding air, thermal energy from the cantilever is transferred to the gas molecules. The oscillatory motion 
of the cantilever continuously renews the layer of cool air in contact with the surface through forced convection, 
thereby augmenting the overall heat-transfer rate. Larger oscillation amplitudes and higher frequencies increase 
the induced air flow and, consequently, enhance the effective convective heat-transfer. Accurately predicting 
this effect requires a modeling approach that accounts for the coupled fluid-dynamic and thermal interactions 
of the oscillating cantilever and the surrounding air. In the LEM approach used here, this effect is approximated 
using the thermal resistance Rconv = 1

Aconv· hconv
, which enables heat transfer to the ambient temperature 

reservoir. Thereby, Aconv  is the surface area exposed to convection and hconv  the effective convective 
heat‑transfer coefficient, which correlates with the oscillation speed, as shown in Fig. S9 in the Supplementary 
Information. The LEM is implemented in Simulink with the Simscape toolbox (MATLAB R2024b). Through 
the thermal network used in the model, the heat flow path can be distinguished and the temperature change 
experienced by each section can be determined depending on its dimensions and thermal properties. The 
modelling parameters are summarized in Table 1 together with the calculated efficiency of TM conversion and 
the effective electromechanical coupling coefficient of the presented P-TM generators. The rather low efficiencies 
are due to the rapid oscillation under the dynamic conditions of resonant self-actuation being far from stationary 
conditions and associated with small ΔT and small change of magnetization ∆ M . Thus, these conditions are 
optimized for electrical power output instead of optimal efficiency.

Further information on experimental and simulation procedures are available in the Supplementary 
Information.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding 
author on reasonable request.

Received: 18 March 2026; Accepted: 23 June 2026

https://www.nature.com/scientificreports


Scientific Reports |        (2026) 16:23717 13| https://doi.org/10.1038/s41598-026-59705-2

www.nature.com/scientificreports

References
	 1.	 Hur, S. et al. Low-grade waste heat recovery scenarios: pyroelectric, thermomagnetic, and thermogalvanic thermal energy 

harvesting. Nano Energy. 114, 108596 (2023). https://doi.org/10.1016/j.nanoen.2023.108596
	 2.	 Luberti, M., Gowans, R., Finn, P. & Santori, G. An estimate of the ultralow waste heat available in the European Union. Energy 238, 

121967 (2022). https://doi.org/10.1016/j.energy.2021.121967
	 3.	 Forman, C., Muritala, I. K., Pardemann, R. & Meyer, B. Estimating the global waste heat potential. Renew. Sustain. Energy Rev. 57, 

1568–1579 (2016). https://doi.org/10.1016/j.rser.2015.12.192
	 4.	 Liu, X. et al. Significant optimization of active thermomagnetic generator for low-grade waste heat recovery. Appl. Therm. Eng. 221, 

119827 (2023). https:​​​//d​oi.​or​g/10​.​1016/j.applthe​rmal​eng​.2022.119827
	 5.	 Kishore, R. A. & Priya, S. A review on low-grade thermal energy harvesting: materials, methods and devices. Materials 11, 1433 

(2018). https://doi.org/10.3390/ma11081433
	 6.	 Champier, D. Thermoelectric generators: a review of applications. Energy Convers. Manag. 140, 167–181 (2017). ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​

0​.​1​0​1​6​/​j​.​e​n​c​o​n​m​a​n​.​2​0​1​7​.​0​2​.​0​7​0​​​​​​​
	 7.	 Zoui, M. A., Bentouba, S., Stocholm, J. G. & Bourouis, M. A review on thermoelectric generators: progress and applications. 

Energies (Basel). 13, 3606 (2020). https://doi.org/10.3390/en13143606
	 8.	 Dzekan, D., Waske, A., Nielsch, K. & Fähler, S. Efficient and affordable thermomagnetic materials for harvesting low grade waste 

heat. APL Mater. 9, 011105 (2021). https://doi.org/10.1063/5.0033970
	 9.	 Srivastava, V., Song, Y., Bhatti, K. & James, R. D. The direct conversion of heat to electricity using multiferroic alloys. Adv. Energy 

Mater. 1, 97–104 (2011). https://doi.org/10.1002/aenm.201000048
	10.	 Waske, A. et al. Energy harvesting near room temperature using a thermomagnetic generator with a pretzel-like magnetic flux 

topology. Nat. Energy. 4, 68–74 (2018). https://doi.org/10.1038/s41560-018-0306-x
	11.	 Gueltig, M. et al. High frequency thermal energy harvesting using magnetic shape memory films. Adv. Energy Mater. 4, 1400751 

(2014).https://doi.org/10.1002/aenm.201400751
	12.	 Gueltig, M. et al. High-performance thermomagnetic generators based on Heusler alloy films. Adv. Energy Mater. 7, 1601879 

(2017). https://doi.org/10.1002/aenm.201601879
	13.	 Joseph, J., Ohtsuka, M., Miki, H. & Kohl, M. Resonant self-actuation based on bistable microswitching. Actuators 12, 245 (2023). 

https://doi.org/10.3390/act12060245
	14.	 Joseph, J., Ohtsuka, M., Miki, H. & Kohl, M. Upscaling of thermomagnetic generators based on Heusler alloy films. Joule 4, 

2718–2732 (2020). https://doi.org/10.1016/j.joule.2020.10.019
	15.	 Kitanovski, A. Energy applications of magnetocaloric materials. Adv. Energy Mater. 10, 1903741 (2020). ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​0​2​/​a​

e​n​m​.​2​0​1​9​0​3​7​4​1​​​​​​​
	16.	 Chung, T. K., Shukla, U., Tseng, C. Y., Chen, C. C. & Wang, C. M. A magnetic/piezoelectric-based thermal energy harvester. In: 

Proc. SPIE 8688 86880 M (2013). https://doi.org/10.1117/12.2009434
	17.	 Chun, J. et al. Thermo-magneto-electric generator arrays for active heat recovery system. Sci. Rep. 7, 41383 (2017). ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​

/​1​0​.​1​0​3​8​/​s​r​e​p​4​1​3​8​3​​​​​​​
	18.	 Ahmim, S. et al. A thermal energy harvester using LaFeSi magnetocaloric materials. IEEE Trans. Magn. 57, 1–5 (2021). ​h​t​t​p​s​:​/​/​d​o​

i​.​o​r​g​/​1​0​.​1​1​0​9​/​T​M​A​G​.​2​0​2​0​.​3​0​0​8​7​5​3​​​​​​​
	19.	 Joseph, J. Power generation by resonant self-actuation. (KIT Sci. Publishing. https://doi.org/10.5445/KSP/1000163235 (2023).
	20.	 Joseph, J., Fontana, E., Devillers, T., Dempsey, N. M. & Kohl, M. A Gd-film thermomagnetic generator in resonant self‐actuation 

mode. Adv. Funct. Mater. 33, 2301250 (2023). https://doi.org/10.1002/adfm.202301250
	21.	 Roundy, S. On the effectiveness of vibration-based energy harvesting. J. Intell. Mater. Syst. Struct. 16, 809–823 (2005). ​h​t​t​p​s​:​/​/​d​o​i​.​o​

r​g​/​1​0​.​1​1​7​7​/​1​0​4​5​3​8​9​X​0​5​0​5​4​0​4​2​​​​​​​
	22.	 Shafer, M. W. & Garcia, E. The power and efficiency limits of piezoelectric energy harvesting. J. Vib. Acoust. (2014). ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​

/​1​0​.​1​1​1​5​/​1​.​4​0​2​5​9​9​6​​​​ 
	23.	 Janphuang, P., Lockhart, R., Uffer, N. & Briand, D. Rooij, N. F. Vibrational piezoelectric energy harvesters based on thinned bulk 

PZT sheets fabricated at the wafer level. Sens. Actuators Phys. 210, 1–9 (2014). https://doi.org/10.1016/j.sna.2014.01.032
	24.	 Isarakorn, D. et al. The realization and performance of vibration energy harvesting MEMS devices based on an epitaxial 

piezoelectric thin film. Smart Mater. Struct. 20, 025015 (2011). https://doi.org/10.1088/0964-1726/20/2/025015
	25.	 Sodano, H. A., Inman, D. J. & Park, G. A review of power harvesting from vibration using piezoelectric materials. Shock Vib. Dig. 

36, 197–205 (2004). https://doi.org/10.1177/0583102404043275
	26.	 Tang, G. et al. Development of high performance piezoelectric d33 mode MEMS vibration energy harvester based on PMN-PT 

single crystal thick film. Sens. Actuators Phys. 205, 150–155 (2014). https://doi.org/10.1016/j.sna.2013.11.007
	27.	 DeVoe, D. L. & Pisano, A. P. Modeling and optimal design of piezoelectric cantilever microactuators. J. Microelectromech Syst. 6, 

266–270 (1997). https://doi.org/10.1109/84.623116
	28.	 Chernenko, V. A., Cesari, E., Pons, J. & Seguí, C. Phase transformations in rapidly quenched Ni–Mn–Ga alloys. J. Mater. Res. 15, 

1496–1504 (2000). https://doi.org/10.1557/JMR.2000.0215
	29.	 Backen, A. et al. Epitaxial Ni-Mn-Ga films for magnetic shape memory alloy microactuators. Adv. Eng. Mater. 14, 696–709 (2012). 

https://doi.org/10.1002/adem.201200069
	30.	 Katano, Y., Ohtsuka, M., Matsumoto, M., Koike, K. & Itagaki, K. Effect of cobalt addition on shape memory properties of 

ferromagnetic Ni-Mn-Ga sputtered films. Mater. Trans. 45, 350–352 (2004). https://doi.org/10.2320/matertrans.45.350
	31.	 Frayssignes, H. et al. Internal friction in hard and soft PZT-based ceramics. J. Eur. Ceram. Soc. 24, 2989–2994 (2004). ​h​t​t​p​s​:​/​/​d​o​i​.​o​

r​g​/​1​0​.​1​0​1​6​/​j​.​j​e​u​r​c​e​r​a​m​s​o​c​.​2​0​0​3​.​1​0​.​0​4​8​​​​​​​
	32.	 Horchidan, N. et al. A comparative study of hard/soft PZT-based ceramic composites. Ceram. Int. 42, 9125–9132 (2016). ​h​t​t​p​s​:​/​/​d​

o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​j​.​c​e​r​a​m​i​n​t​.​2​0​1​6​.​0​2​.​1​7​9​​​​​​​
	33.	 Aktakka, E. E., Peterson, R. L. & Najafi, K. A CMOS-compatible piezoelectric vibration energy scavenger based on the integration of 

bulk PZT films on silicon. Tech. Digest - Int. Electron. Devices Meeting IEDM. (2010). https://doi.org/10.1109/IEDM.2010.5703459 
	34.	 Guyomar, D., Badel, A., Lefeuvre, E. & Richard, C. Toward energy harvesting using active materials and conversion improvement 

by nonlinear processing. IEEE Trans. Ultrason. Ferroelectr. Freq. Control. 52, 584–595 (2005). ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​1​0​9​/​T​U​F​F​C​.​2​0​0​
5​.​1​4​2​8​0​4​1​​​​​​​

	35.	 Wang, Q. M., Du, X. H., Xu, B. & Cross, L. E. Electromechanical coupling and output efficiency of piezoelectric bending actuators. 
IEEE Trans. Ultrason. Ferroelectr. Freq. Control. 46, 638–646 (1999). https://doi.org/10.1109/58.764850

	36.	 Wang, X., Liu, H., Zheng, H., Liu, G. & Xu, D. Performance correction and parameters identification considering non-uniform 
electric field in cantilevered piezoelectric energy harvesters. Sensors 24, 4943 (2024). https://doi.org/10.3390/s24154943

	37.	 Joseph, J., Ohtsuka, M., Miki, H. & Kohl, M. Thermal processes of miniature thermomagnetic generators in resonant self-actuation 
mode. iScience 25, 104569 (2022). https://doi.org/10.1016/j.isci.2022.104569

	38.	 Lee, Y. G. et al. Design and experimental investigation of thermoelectric generators for wearable applications. Adv. Mater. Technol. 
(2017). https://doi.org/10.1002/admt.201600292 

	39.	 Joseph, J., Ohtsuka, M., Miki, H. & Kohl, M. Lumped element model for thermomagnetic generators based on magnetic SMA 
films. Materials 14, 1234 (2021). https://doi.org/10.3390/ma14051234

	40.	 Newnham, R. E. Properties of Materials (Oxford University Press, 2004). https://doi.org/10.1093/oso/9780198520757.001.0001

https://www.nature.com/scientificreports
https://doi.org/10.1016/j.nanoen.2023.108596
https://doi.org/10.1016/j.energy.2021.121967
https://doi.org/10.1016/j.rser.2015.12.192
https://doi.org/10.1016/j.applthermaleng.2022.119827
https://doi.org/10.3390/ma11081433
https://doi.org/10.1016/j.enconman.2017.02.070
https://doi.org/10.1016/j.enconman.2017.02.070
https://doi.org/10.3390/en13143606
https://doi.org/10.1063/5.0033970
https://doi.org/10.1002/aenm.201000048
https://doi.org/10.1038/s41560-018-0306-x
https://doi.org/10.1002/aenm.201400751
https://doi.org/10.1002/aenm.201601879
https://doi.org/10.3390/act12060245
https://doi.org/10.1016/j.joule.2020.10.019
https://doi.org/10.1002/aenm.201903741
https://doi.org/10.1002/aenm.201903741
https://doi.org/10.1117/12.2009434
https://doi.org/10.1038/srep41383
https://doi.org/10.1038/srep41383
https://doi.org/10.1109/TMAG.2020.3008753
https://doi.org/10.1109/TMAG.2020.3008753
https://doi.org/10.5445/KSP/1000163235
https://doi.org/10.1002/adfm.202301250
https://doi.org/10.1177/1045389X05054042
https://doi.org/10.1177/1045389X05054042
https://doi.org/10.1115/1.4025996
https://doi.org/10.1115/1.4025996
https://doi.org/10.1016/j.sna.2014.01.032
https://doi.org/10.1088/0964-1726/20/2/025015
https://doi.org/10.1177/0583102404043275
https://doi.org/10.1016/j.sna.2013.11.007
https://doi.org/10.1109/84.623116
https://doi.org/10.1557/JMR.2000.0215
https://doi.org/10.1002/adem.201200069
https://doi.org/10.2320/matertrans.45.350
https://doi.org/10.1016/j.jeurceramsoc.2003.10.048
https://doi.org/10.1016/j.jeurceramsoc.2003.10.048
https://doi.org/10.1016/j.ceramint.2016.02.179
https://doi.org/10.1016/j.ceramint.2016.02.179
https://doi.org/10.1109/IEDM.2010.5703459
https://doi.org/10.1109/TUFFC.2005.1428041
https://doi.org/10.1109/TUFFC.2005.1428041
https://doi.org/10.1109/58.764850
https://doi.org/10.3390/s24154943
https://doi.org/10.1016/j.isci.2022.104569
https://doi.org/10.1002/admt.201600292
https://doi.org/10.3390/ma14051234
https://doi.org/10.1093/oso/9780198520757.001.0001


Scientific Reports |        (2026) 16:23717 14| https://doi.org/10.1038/s41598-026-59705-2

www.nature.com/scientificreports

Acknowledgements
This work was partially funded by the European Union under grant agreement No 101119852.

Author contributions
M.W. designed and fabricated the P-TM generators, designed and performed the experiments, developed the 
simulation model, analyzed the data and wrote the initial draft, J.J. designed the TM generators, supervised the 
experiments and simulations, M.O. designed and fabricated the Ni-Mn-Ga films and magnetization measure-
ments. H.M. design and optimized the Ni-Mn-Ga films, M.K. conceived the concept, designed the TM genera-
tors, supervised the experiments and simulations, and wrote the manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL. This work was partially funded by Horizon Eu-
rope (HORIZON) - MSCA Doctoral Networks; Grant ID 101119852.

Declarations

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​
0​.​1​0​3​8​/​s​4​1​5​9​8​-​0​2​6​-​5​9​7​0​5​-​2​​​​​.​​

Correspondence and requests for materials should be addressed to M.K.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give 
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and 
indicate if changes were made. The images or other third party material in this article are included in the article’s 
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included 
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy 
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2026 

https://www.nature.com/scientificreports
https://doi.org/10.1038/s41598-026-59705-2
https://doi.org/10.1038/s41598-026-59705-2
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	﻿A miniature piezoelectric-thermomagnetic generator for low-grade waste heat recovery
	﻿Results
	﻿Material properties
	﻿Device layout and setup
	﻿Lumped-element model
	﻿Coupled thermo-magneto-mechanical performance
	﻿Electrical power output

	﻿Discussion
	﻿Conclusions
	﻿Methods
	﻿Experimental
	﻿Lumped element model

	﻿References


