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In order to solve the problem of waste heat collection from energy consumption, a thermal energy generation device combining
shape memory alloy and piezoelectric materials has been designed. The shape memory alloy is heated and deformed to drive the
drive wheel continuously, and the impact wheel is deformed against the piezoelectric cantilever beam during the rotation of the
drive wheel to generate electricity. In this paper, the impact force generated by the impact wheel and the output voltage of the
piezoelectric cantilever beam during the rotation process are given. Finally, the experimental test shows that the larger the
radius of the drive wheel, the lower the impact force of the wheel and the lower the output voltage of the piezoelectric
cantilever beam; the larger the diameter of the shape memory alloy wire, the higher the impact force of the wheel and the
higher the output voltage of the piezoelectric cantilever beam; the more teeth of the drive wheel, the higher the impact
frequency of the piezoelectric cantilever beam and the higher the output voltage. The maximum output voltage of the
thermoelectric converter is 14.2 V, when the drive wheel radius is 13 mm, the shape memory alloy wire diameter is 1 mm and
the number of impact wheel teeth is 6. The new structural design provides a new structural model for waste heat recovery and
thermal energy generation technology. The new structural design provides a new approach and idea for waste heat recovery

and thermal energy generation technology.

1. Introduction

The waste heat generated by energy consumption in people’s
daily production and life is discharged in the form of waste
heat and hot water, etc. The emission form is complicated
and cannot be effectively utilized on a large scale, which
not only wastes a lot of energy but also pollutes the environ-
ment, but also does not conform to the current social devel-
opment requirements of low carbon and environmental
protection, energy saving, and consumption reduction, and
needs to be changed urgently. At present, people’s research
on intelligent materials has been more in-depth, with piezo-
electric [1-4], electrostatic [5, 6], electromagnetic [7-9],
shape memory alloy [10, 11], and other intelligent materials
based on the absorption of waste heat, and power generation
research is widely carried out, forming a variety of secondary

energy reuse technology and methods, showing a great situ-
ation of vigorous development.

At present, the main thermal power generation technol-
ogies are temperature difference power generation [12-14],
pyroelectric power generation [15-17], thermomagnetic
power generation [18, 19], and thermoelastic power genera-
tion [11, 20], but they all will be restricted by some condi-
tions and not suitable for wide application in waste heat
power generation systems. The former can convert thermal
energy into stress-strain and has a strong thermal-
mechanical energy conversion capability, while the latter
can convert stress-strain into electrical energy and has been
applied to wireless networks, MEMS devices, and self-
powering of portable equipment. Both materials are easy to
obtain, low cost, and pollution-free. If the two are combined,
they can be applied to waste heat recovery power generation
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by utilizing the advantages of both for thermal energy
generation.

This paper combines the advantages of shape memory
alloy wires and piezoelectric materials to design a new ther-
moelectric conversion structure based on existing materials.
The structure is designed to convert thermal energy into
mechanical energy using shape memory alloys and then
convert mechanical energy into electrical energy using pie-
zoelectric materials. The structural parameters of the ther-
moelectric conversion device are investigated in terms of
their influence on the output voltage of the piezoelectric
oscillator, providing a new idea and a new method for
small-scale waste heat recovery and power generation
technology.

2. Structural Design and Generator Theory

2.1. Structural Design. The principle of the device for ther-
moelectric conversion is shown in Figure 1, which mainly
consists of shape memory alloy (Ni-Ti alloy), piezoelectric
cantilever beam, driving wheel, and impact wheel. When
the temperature rises above the As point of austenite phase
change, the shape memory alloy wire undergoes a reverse
martensite phase change inside the wire, the length of the
shape memory alloy wire shrinks and deforms from bending
to straightening, the shape memory alloy wire generates tor-
que to the drive wheel, causing the drive wheel to rotate, the
drive wheel rotation will drive the shape memory alloy wire
displacement, and the displacement of the shape memory
alloy wire will drive the impact wheel connected to it to
rotate. After the shape memory wire leaves the heating area,
the length of the Ni-Ti wire, which is in the martensite state,
will recover, while the martensite in the heating area will
continue to transform into austenite, and the Ni-Ti wire will
shrink, making the drive wheel and the impact wheel rotate
continuously. The rotation of the impact wheel will impact
the piezoelectric cantilever beam, causing the piezoelectric
cantilever beam to deform and generate electrical energy,
in the process completing the conversion of thermal energy
to electrical energy.

2.2. Generator Theory Analysis. The force analysis diagram
of the driving parts is shown in Figure 2. The shape memory
alloy wire is made to contact with the drive wheel and the
impact wheel by a certain preload, and the shape memory
alloy wire has an initial preload force F,. The shape memory
alloy wire is bent in the range of the wrap angle on the two
wheels. When the heating starts at the lower end of the drive
wheel and the phase change temperature is reached at point
2, at this time, the shape memory alloy wire starts to
straighten due to the shape memory effect, causing the con-
tact point between the shape memory alloy wire and the
drive wheel side to move from point 2 to 2’. As the shape
memory alloy wire shrinks when heated, the lower side of
the shape memory alloy wire is the tight edge, while the force
F, of the tight edge decomposes F,, and F,,, F}, is in the
same direction as F,, and F,; is perpendicular to the direc-
tion of F,. As the shape memory alloy starts to straighten
from bending resulting in a downward shift of its contact
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point, the force F,, generates a torque T,, which causes
the drive wheel to drive the whole device to rotate. At the
same time, the initial preload force of the shape memory
alloy wire increases from F, to F,,, and the preload force
of the loose side narrows from F,, to F,. At this time, the
effective tension force of the shape memory alloy wire is
F,, — F,, which makes the shape memory alloy wire rotate
together with the two wheels under the action of the effective
tension force as shown in Figure 2(a). Similarly, it can be
seen that when the heating position changes, the position
of reaching the phase change temperature point also
changes, as shown in Figure 2(b), and its rotation direction
also changes.

2.3. Kinetic Analysis. The kinetic analysis of the impact
wheel during rotation is carried out from the perspective of
energy absorption and release of shape memory alloy wire.
Analysis of the boundary points between the shape memory
alloy and the contact points of the two wheels is carried out.

The strain energy per unit time of the shape memory
alloy wire at drive wheel point 2 is

_E d?
T 642

T (1)

Then, the strain energy of the shape memory alloy wire
at drive wheel point 2 is

d/2 1 X\ 2
W= J ~E, (—) - 27xdx - rwy, (2)
0 2 r

where equation (1/2)E,(x/r)* is the distortion energy
per unit volume of shape memory alloy wire, 27xdx - rw, is
the volume of shape memory alloy wire moving per unit
time, E, is the modulus of elasticity of shape memory alloy
wire when heated, r is the radius of driving wheel, d is the
diameter of shape memory alloy wire, and w, is the angular
speed of the drive wheel.

In time At, the strain energy obtained by the shape
memory alloy wire is

d* (E, - E 2E
w="4 (24" 2m _ ZM)p, (3)
64 r? R?

In time At, the kinetic energy of the two wheels changes
as follows:

1 1 1 L
Ec=2]i(@ +Aw; ) + E]2(a)+Aa))2 - (2]1w12 + 2]2‘02>~
(4)

Since the two wheels are connected by a shape memory
alloy wire, we have rw, = Rw, r and w, are the radius and
angular velocity of the driving wheel, and R and w are the
radius and angular velocity of the driven wheel and substi-
tute them into (4) to obtain
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FIGURE 1: Schematic diagram of thermoelectric conversion device.
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where ], is the rotational inertia of the drive wheel and
J, is the rotational inertia of the impact wheel.

According to the law of conservation of energy, the
deformation energy of the shape memory alloy wire is con-
verted into the kinetic energy of the driving wheel and the
impact wheel and the friction loss between the two wheels
and the bearing seat, as well as the friction between the bear-
ing and the shaft supporting the bearing and the heat loss.
Neglecting the friction loss and heat dissipation, we can get

nd'R (E,—E, 2E, R\*
GT(T‘?)‘““: ’1(?) Hapenae

1 /R\? 1
+ 5]1 <r> Aw? + 5]2Aw2.

Both sides of the equation are divided by w - At
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FIGURE 3: Relationship between impact force and drive wheel
radius and shape memory alloy wire diameter.

Let At — 0, Aw — 0, we know that

dw_
e

(md*RI64) (((Ey — Ep)/7?) = (2Ep/R?)) .

{1, (RIr)* +7,} (8)

In order to calculate the magnitude of the impact force
generated by the impact teeth during rotation, as shown in
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TaBLE 1: Parameters of a double-chip piezoelectric cantilever beam.

i i Y ’ dulus E isson’ i i
Materials Plezoeﬁjficlz??stants oung s( glpoa)u us £, Po:zsiiioon S Vacuum dlelei'i)r_llc2 constant g, X Dimension (L # W  Th)
PZT-5H 9.11 60.6 0.34 8.85 40 mm * 20 mm »* 0.2 mm
Cu / 115 0.31 / 60 mm * 20 mm * 0.2 mm
Figure 1(a), assume that the shape memory alloy line moves 14
from point 2 to point 3 and the impact wheel makes a uni-
form variable speed curve motion, according to the mechan- -
ical calculation formula:
10
w = @ 5 S
dt &
) O
£ d’0 dw E}
S|
The tangential angular acceleration can be introduced 44
(md*RI64) (((E4 — Ep)/7?) — (2E)/R?)) 2+
= / . (10) A . . . .
(LRI +1,} ol |

Tangential acceleration

a,=(R+X)0. (11)

Impact teeth generated during the rotation of the impact
wheel

(nd*R164) (((E4 — Epg)Ir?) — (2Ey/R?)) .

F_=Ma_= MR
' ’ {IL(RIr)? +T,}

(12)

The voltage is generated by the double wafer cantilever
beam piezoelectric oscillator under the impact force F of
the impact wheel [21].

V()= -2 Pg L ;Z)hﬁg“L F, (13)
in the formula
=
B- EEP (14)

A=a*(1-B) -2a(20" - 3a+2)(1- ) +1.

h,, is the thickness of the metal substrate, h is the height
of the piezoelectric beam, E,, is the modulus of elasticity of
the metal substrate, E, is the modulus of elasticity of the pie-
zoelectric ceramic, g5, is the piezoelectric voltage constant of
the piezoelectric material, L is the length of the piezoelectric
cantilever beam, and w is the width of the cantilever beam.
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—— d=0.6 mm

FIGURE 4: Output voltage versus drive wheel radius and shape
memory alloy wire diameter.

From the above equation, the impact force of the impact
wheel is related to the diameter of the shape memory alloy
wire and the radius of the driving wheel. When the material
is certain, the output voltage of the piezoelectric cantilever
beam is related to the applied load and size.

3. Simulation Analysis

The impact force was derived for different memory alloy
wire diameters at different drive wheel radii by plotting the
MATLAB simulation for drive wheel radii of 13-17 mm,
impact tooth length of 5mm, and thickness of 3 mm, and
the curve relationship was derived as shown in Figure 3.

As can be seen from Figure 3, when the radius of the
drive wheel is 13 mm, the maximum impact force generated
by the impact teeth reaches 0.1 N. As the radius of the drive
wheel increases, the impact force generated decreases, and
the larger the diameter of the shape memory alloy wire,
the greater the force generated.

The data of the impact force of the impact wheel corre-
sponding to different diameters of shape memory alloy wire
and the radius of the driving wheel are obtained by using
MATLAB simulation, and the simulation analysis simulates
the corresponding output voltage magnitude of the piezo-
electric cantilever beam at the output end. The specific
parameters of the selected dual-chip piezoelectric cantilever
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FIGURE 5: Experimental test setup diagram.

beam are shown in Table 1, and the curves are plotted as
shown in Figure 4.

4. Experimental Study

4.1. Experimental Setup. The thermoelectric power genera-
tion experiment is mainly conducted by heating the ring-
shaped shape memory alloy wire in contact with the driving
wheel in the driving device, which makes the impact wheel
continuously rotate and hit the piezoelectric cantilever
beam. The piezoelectric cantilever beam is connected to
the wire, and the two ends of the wire are connected to the
probe of the oscilloscope, which displays the open-circuit
voltage generated by the piezoelectric cantilever beam under
the impact of the impacting teeth. The schematic diagram
and physical diagram of the experimental test setup are
shown in Figure 5.

The thermoelectric conversion experiment is to study
the impact force of the impact wheel teeth in relation to
the radius of the driving wheel and the diameter of the shape
memory alloy wire. The mechanical energy of the impact
force of the driving part to the piezoelectric cantilever beam
can be converted into electrical energy by the positive piezo-
electric effect, and the amplitude of the impact force of the
driving part can be understood by testing the electrical
energy output of the piezoelectric cantilever beam.

4.2. Relationship between Driving Wheel Radius and Output
Voltage of Piezoelectric Cantilever Beam. The phase change
temperature of the shape memory alloy is 60°C. The shape
memory alloy is heated with a heat gun at 80°C. Different
driving wheels with a shape memory alloy wire diameter of
I mm and radii of 13 mm, 14 mm, 15mm, and 16 mm are
taken to test the output voltage of the piezoelectric cantilever
beam at the output end (In this experiment, the center dis-
tance between the driving wheel and the impact wheel is
fixed at 150 mm, the diameter of the impact wheel is
60 mm, the number of teeth is 4, the thickness of the teeth
is 3mm, and the room temperature is 20°C.). The experi-
mental test results are shown in Figure 6.

It can be seen from Figure 6 that the range of the center
distance of the two wheels rotating is different when the
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Ficure 6: Effect of drive wheel radius on output voltage of
piezoelectric cantilever beam.

radius of the drive wheel is different. When the driving
wheel radius is 13 mm, its center distance can rotate when
it is larger than the theoretical value, while when the driving
wheel radius increases, the center distance that both wheels
can rotate is smaller than the theoretical value, so the larger
the driving wheel radius is, the smaller the output voltage of
the piezoelectric cantilever beam is.

4.3. Relationship between Shape Memory Alloy Wire
Diameter and Output Voltage of Piezoelectric Cantilever
Beam. The shape memory alloy wires of different diameters
of 1 mm, 0.8 mm, and 0.6 mm were heated by a heat gun at
80°C to test the output voltage of the piezoelectric cantilever
beam at the output end (In this experiment, the center dis-
tance between the driving wheel and the impact wheel is
fixed at 150 mm, the radius of the driving wheel is 13 mm,
the diameter of the impact wheel is 60 mm, the number of
teeth is 4, the tooth thickness is 3 mm, and the room temper-
ature is 20°C.). The experimental test results are shown in
Figure 7.
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It can be seen from Figure 7 that the conversion effi-
ciency of the thermoelectric conversion device is different
for different diameters of the shape memory alloy wire.
When the diameter of the shape memory alloy wire is
1 mm, the conversion rate of the thermoelectric conversion
device is significantly higher than that of the other two
diameters of the shape memory alloy wire, and the larger
the diameter in a certain range, the higher the output voltage
of the piezoelectric cantilever beam.

4.4. Relationship between the Number of Teeth of the Impact
Wheel and the Output Voltage of the Piezoelectric Cantilever
Beam. The number of impact teeth mainly affects the vibra-
tion frequency of the piezoelectric cantilever beam when the
impact teeth are used to continuously impact the piezoelec-
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tric cantilever beam. In the experiment, the diameter of
shape memory alloy wire is 1 mm, the radius of driving
wheel is 13 mm, the diameter of impact wheel is 60 mm,
the length of impact teeth is 5mm, and the thickness of
impact teeth is 3mm, and the experimental test results are
shown in Figure 8.

From Figure 8, it can be seen that when the number of
teeth of the impact wheel is larger, the higher the frequency
of the impact wheel hitting the piezoelectric cantilever beam,
the higher the output voltage of the piezoelectric cantilever
beam; in the number of teeth which is 6, the output voltage
of the piezoelectric cantilever beam reaches 14.2V. Due to
the manufacturing process and the limited diameter of the
impact wheel, the number of teeth of the impact wheel in
this paper will not be increased.

5. Conclusion

In this paper, we designed a device that combines shape
memory alloy and piezoelectric material to form thermal
power generation and conducted theoretical analysis and
experimental tests on it. The following conclusions are
drawn:

(1) The data derived from the theoretical model by sim-
ulation match the specific experimental data

(2) In the case of the same center distance between the
driving wheel and the impact wheel, the larger the
radius of the driving wheel, the smaller the output
voltage of the thermoelectric conversion device; dif-
ferent diameters of the shape memory alloy wire
thermoelectric conversion rate are also different; in
a certain diameter range, the larger the diameter of
the piezoelectric cantilever beam output voltage is
higher; other factors are the same, the more teeth
of the impact wheel of the driving device, the higher
the frequency of impact piezoelectric cantilever
beam, the higher the output voltage of the thermo-
electric conversion device. The higher the output
voltage of the device

(3) The combination of shape memory alloy and piezo-
electric material for thermoelectric conversion device
is not only theoretically feasible but also has a very
promising application. At the same time, it provides
a new idea and a new method for thermoelectric
power generation technology

Data Availability

Data are available on request to the authors.

Conflicts of Interest

The authors declare that there are no conflicts of interest
regarding the publication of this paper.



Scanning

Acknowledgments

This work is funded by the National Natural Science Foun-
dation of China (Grant No. 51705031 and No. 51875234),
the Funded Project of Jilin Province Science and Technology
Development Plan (Grant No. 20200201063]JC), and the
Changchun City Science and Technology Bureau Project
(Grant No. 21QC11). The link to experiment video is
https://drive.google.com/file/d/1-4vPhj-

e2Y CIcXhuiMmeOxSrArFIFPy5/view?usp=drivesdk.

References

(1]

(4]

(5]

(10]

(11]

J. Luo, Z. Cao, M. Yuan, Y. Liang, X. Xu, and M. Li, “Fabrica-
tion and characterization of miniature nonlinear piezoelectric
harvester applied for low frequency and weak vibration,”
Results in Physics, vol. 11, pp. 237-242, 2018.

R. Harada, N. Iwamoto, S. H. Kweon, T. Umegaki, and
I. Kanno, “Finger flexion power generators made of piezoelec-
tric lead zirconate titanate thin films on stainless steel foils,”
Sensors and Actuators A: Physical, vol. 322, article 112617,
2021.

L. Xiang, Z. Yewei, D. Hu, and C. Liqun, “Integration of a non-
linear energy sink and a piezoelectric energy harvester,”
Applied Mathematics and Mechanics (English Edition),
vol. 38, no. 7, pp. 1019-1030, 2017.

H. A. Sodano, G. Park, D.J. Leo, and D. J. Inman, “Use of pie-
zoelectric energy harvesting devices for charging batteries,” in
Smart Structures and Materials 2003: Smart Sensor Technology
and Measurement Systems, pp. 101-108, San Diego, California,
USA, July 2003.

G. Chen, L. Tang, Z. Yang, K. Tao, and Z. Yu, “An electret-
based thermoacoustic-electrostatic power generator,” Interna-
tional Journal of Energy Research, vol. 44, no. 3, pp. 2298-2305,
2020.

K. M. Banjar-Nahor, L. Garbuio, V. Debusschere, N. Hadjsaid,
T. T. H. Pham, and N. Sinisuka, “Critical clearing time trans-
formation upon renewables integration through static con-
verters, a case in microgrids,” in IEEE International
Conference on Industrial Technology (ICIT), pp. 1183-1188,
Lyon, France, 2018.

C. Liu, R. Chen, Y. Zhang, L. Wang, and J. Qin, “A novel fully
floating three-body system for direct-drive wave energy con-
verter,” International Journal of Applied Electromagnetics and
Mechanics, vol. 65, no. 4, pp. 803-818, 2021.

J. Liu, H. Sun, Y. Li, W. Fang, and S. Niu, “An improved power
system transient stability prediction model based on mRMR
feature selection and WTA ensemble learning,” Applied Sci-
ences, vol. 10, no. 7, p. 2255, 2020.

W. Wang, J. Cao, N. Zhang, J. Lin, and W. H. Liao, “Magnetic-
spring based energy harvesting from human motions: design,
modeling and experiments,” Energy Conversion and Manage-
ment, vol. 132, pp. 189-197, 2017.

B. Reedlunn, S. Daly, and J. Shaw, “Superelastic shape memory
alloy cables: part I - isothermal tension experiments,” Interna-
tional Journal of Solids ¢ Structures, vol. 50, no. 20-21,
pp. 3009-3026, 2013.

J. Subbian, S. Raikwar, N. K. Sindam, M. T. Madhav, and P. I.
Anand, “Design and development of NiTi shape memory alloy
belt for waste heat energy recovery system,” Journal of Mate-

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

rials Engineering and Performance, vol. 30, no. 12, pp. 9048-
9058, 2021.

K. K. Jung, Y. Jung, C. J. Choi, J. M. Lee, and J. S. Ko, “Flexible
thermoelectric generator with polydimethyl siloxane in ther-
moelectric material and substrate,” Current Applied Physics,
vol. 16, no. 10, pp. 1442-1448, 2016.

G. S. Hegde, A. N. Prabhu, A. Rao, and P. D. Babu, “Enhance-
ment of thermoelectric performance of In doped Bi,Te, ,Se, 5
compounds,” Physica B: Condensed Matter, vol. 584, article
412087, 2020.

N. K. Upadhyay, N. S. Chauhan, L. A. Kumaraswamidhas
et al,, “Facile bulk synthesis of high performance f3-Zn,Sb,
for thermoelectric applications,” Materials Letters, vol. 265,
article 127428, 2020.

Q. Li, S. Li, D. Pisignano, L. Persano, Y. Yang, and Y. Su, “On
the evaluation of output voltages for quantifying the perfor-
mance of pyroelectric energy harvesters,” Nano Energy,
vol. 86, article 106045, 2021.

M. S. Kim, S. E. Jo, H. R. Ahn, and Y. J. Kim, “Modeling of a
honeycomb-shaped pyroelectric energy harvester for human
body heat harvesting,” Smart Materials and Structures,
vol. 24, no. 6, article 065032, 2015.

D. Wilson, J. W. Phair, and M. Lengden, “Performance analy-
sis of a novel pyroelectric device for non-dispersive infra-red
CO, detection,” IEEE Sensors Journal, vol. 19, no. 15,
pp. 6006-6011, 2019.

J. Chun, H. C. Song, M. G. Kang, H. B. Kang, R. A. Kishore,
and S. Priya, “Thermo-magneto-electric generator arrays for
active heat recovery system,” Scientific Reports, vol. 7, no. 1,
pp. 1-8, 2017.

D. Dzekan, A. Diestel, D. Berger, K. Nielsch, and S. Fihler,
“Can gadolinium compete with La-Fe-Co-Si in a thermomag-
netic generator?,” Science and Technology of Advanced Mate-
rials, vol. 22, no. 1, p. 643, 2021.

P. Kumar, R. A. Kishore, D. Maurya et al., “Shape memory
alloy engine for high efficiency low-temperature gradient ther-
mal to electrical conversion,” Applied Energy, vol. 251, article
113277, 2019.

L. He, Z. Wang, X. Wu, Z. Zhang, D. Zhao, and X. Tian, “Anal-
ysis and experiment of magnetic excitation cantilever-type pie-

zoelectric energy harvesters for rotational motion,” Smart
Materials and Structures, vol. 29, no. 5, article 055043, 2020.


https://drive.google.com/file/d/1-4vPhj-e2YCIcXhuiMmeOxSrArFIFPy5/view?usp=drivesdk
https://drive.google.com/file/d/1-4vPhj-e2YCIcXhuiMmeOxSrArFIFPy5/view?usp=drivesdk

	Simulation Analysis and Experimental Study of Piezoelectric Power Generation Device Based on Shape Memory Alloy Drive
	1. Introduction
	2. Structural Design and Generator Theory
	2.1. Structural Design
	2.2. Generator Theory Analysis
	2.3. Kinetic Analysis

	3. Simulation Analysis
	4. Experimental Study
	4.1. Experimental Setup
	4.2. Relationship between Driving Wheel Radius and Output Voltage of Piezoelectric Cantilever Beam
	4.3. Relationship between Shape Memory Alloy Wire Diameter and Output Voltage of Piezoelectric Cantilever Beam
	4.4. Relationship between the Number of Teeth of the Impact Wheel and the Output Voltage of the Piezoelectric Cantilever Beam

	5. Conclusion
	Data Availability
	Conflicts of Interest
	Acknowledgments

