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ABSTRACT
Untapped thermal energy, especially low-grade heat below 373 K from various sources, namely ambient, industries residual, and
non-concentrated  solar  energy,  is  abundant  and  widely  accessible.  Despite  that,  there  are  huge  constraints  to  recycle  this
valuable low-grade heat using the existing technologies due to the variability of thermal energy output and the small temperature
difference between the heat source and environment. Here, a thermal-mechanical-electrical energy conversion (TMEc) system
based on the Curie effect and the soft-contact rotary triboelectric nanogenerator (TENG) is developed to recycle thermal energy
in the mid-low temperature range. According to the phase transition mechanism between ferromagnetic and paramagnetic, disk-
shaped  ferromagnetic  materials  can  realize  stable  rotation  under  external  magnetic  and  thermal  fields,  thus  activating  the
operation of TENGs and realizing the conversion of thermal energy and electrical energy. During the steady rotation process, an
open-circuit  voltage (VOC)  of  173 V and a  short-circuit  current  (ISC)  of  1.32  μA are  measured.  We finally  obtained a  maximum
power of 4.45 mW in the actual working conditions, and it  successfully charged different capacitors. This work provides a new
method for mid-low temperature energy harvesting and thermal energy transformation and broadens the application of TENG in
the field of thermal energy recovery.
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1    Introduction
The improvement  of  energy  efficiency  has  become an  important
issue  related  to  world  industrialization  and  economic
development.  In  the  field  of  heat  engines,  from  the  era  of  the
steam  engine  to  the  so-called  supercritical  steam  turbine,  the
temperature  of  the  steam  is  expected  to  be  as  high  as  possible.
Based on Carnot’s law, the higher the temperature of the working
material,  the  higher  the  efficiency  of  the  heat  engine  [1, 2].
However, heat below 373 K, such as waste thermal energy in food
processing,  crude  oil  processing,  and organic  chemical  processes,
belongs to low-grade thermal or “garbage thermal”, which is often
discarded  [3–5].  Traditional  thermoelectric  power  generation
technology is still challenging in collecting and utilizing low-grade
thermal energy due to the variability of thermal energy output and
the  small  temperature  difference  between  the  heat  source  and
environment  [6, 7].  A large  amount  of  low-grade thermal  energy
is  discharged  into  the  environment,  resulting  in  serious  energy
waste and thermal pollution to the surrounding environment [8].
Therefore,  dexterous  utilization  and  versatile  conversion  of  the
waste  thermal  energy is  now considered as  the  sustenance of  the
decarbonized  and  sustainable  ecosystem  [9–11].  Recently,  novel
systems and mechanisms have emerged to attempt to extract and
recycle this ubiquitous waste thermal energy, and one approach is
to convert thermal energy into mechanical work, such as thermo-

osmotic  energy  conversion  [12–14].  Another  route  is  to  harvest
thermal energy for electricity output, including thermoelectric [15,
16],  pyroelectric  transducers  [17–19],  and  water-evaporation-
induced  generators  [20–24].  These  works  generally  suffer  from
low output performance, which limits their application. Therefore,
autonomous and continuous extraction and utilization of the low-
grade thermal energy from a constant ambient environment is still
an enormous challenge [25, 26].

Based on the coupling effect of triboelectricity and electrostatic
induction,  triboelectric  nanogenerators  (TENGs)  can  efficiently
convert  ambient  mechanical  energy  into  electrical  energy,
especially  for  low-frequency,  irregular,  and  widely  distributed
vibrational  energy  [27–30].  The  TENG  has  tremendous
advantages of low cost, lightweight, simple fabrication process, and
high  flexibility  compared  to  the  traditional  energy  harvesting
methods [31–34]. And it has been reported to harvest sustainable
energy  such as  wind energy,  ocean wave  energy,  thermal  energy,
biomechanical  energy,  and  even  droplet  energy  [35–39].  Some
hybrid  energy  harvesting  units  have  been  reported  successful  to
harvest thermal energy and convert it into electricity [40–45]. Lee
et al.  recently confirmed the potential  of the TENG based on the
shape  memory  alloy-wire  for  low-grade  heat  harvesting  and
obtained  an  open-circuit  voltage  (VOC)  of  24.5  V  [40].
Subsequently,  Li  et  al.  proposed  a  hybrid  triboelectric-
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electromagnetic nanogenerator based on the shape memory alloy
to further improve the output performance [41]. However, shape
memory  alloys  are  relatively  expensive  and  prone  to  fracture,
which  limits  their  further  application  in  the  field  of  energy
harvesting.  On  the  other  hand,  there  are  problems  such  as
impedance mismatch and working temperature mismatch due to
the  different  working  principles  of  the  hybrid  generators.  Our
group  has  proposed  a  thermal-mechanical-electrical  energy
conversion (TMEc) system based on the Curie effect, mainly using
the  contact  separation  mode  of  TENG,  and  obtained  a VOC of
218 V [42].  But  since  the  ferromagnetic  phase  and paramagnetic
phase  switching  process  takes  a  period  of  time,  the  energy
harvesting  system  is  a  discontinuous  process,  which  results  in  a
discontinuous output and limits its further application.

Here, we further developed a TMEc system based on the Curie
effect  and  soft-contact  rotary  triboelectric  nanogenerator  (SCR-
TENG)  to  recycle  thermal  energy  in  the  mid-low  temperature
range.  This system can be dissected into two small  procedures of
energy  transformation:  thermal-mechanical  and  mechanical-
electrical.  The  working principle  of  rotation of  the  ferromagnetic
material  is  studied  and  analyzed  with  infrared  detection,  finite
element  simulation,  and  force  analysis.  In  order  to  realize  the
harvesting and utilization of low-grade thermal energy, the thermo-
mechanical  energy  conversion  process  based  on  the  Curie  effect
and the mechanical-electrical energy process based on TENG were
designed and optimized, respectively, and finally obtained an open-
circuit  voltage  (VOC)  of  174  V,  short-circuit  current  (ISC)  of
1.32 μA, and transfer charge (QSC) of 103.8 nC. The framed rabbit
fur on the surface of the FEP film is used to generate high-density
charges  and  improve  the  durability  of  TENG.  After  86,400
operating cycles, the ISC of TENG has no obvious attenuation. The
TMEc  system  generates  a  considerable  electrical  output,  charges
different capacitors by the stable rotation, and lights up the arrow
lined with light-emitting diodes (LEDs) to indicate the direction. 

2    Results and discussion
 

2.1    Design of TMEc system
Ferromagnetic  materials  have  strong  magnetism  after  being
magnetized  [46].  With  the  increase  of  temperature,  the
enhancement of the thermal motion of the metal lattice will affect
the ordered arrangement of the magnetic moment in the magnetic
domain.  When  the  temperature  is  high  enough  to  destroy  the
ordered  arrangement  of  the  magnetic  moment,  the  magnetic
domain  is  disintegrated,  the  average  magnetic  moment  becomes
zero,  and  the  magnetism  of  the  ferromagnetic  substance
disappears  and  becomes  paramagnetic.  The  corresponding
temperature  at  this  time is  called  the  Curie  point,  also  known as
the Curie temperature (TC)  or the magnetic transition point,  and
is  the  critical  point  at  which  ferromagnetic  substances  are
transformed  into  paramagnetic  substances.  Therefore,  under  the
action  of  the  external  magnetic  field,  the  ferromagnetic  material
realizes  movement  in  the  process  of  switching  between  hot  and
cold zones,  thereby realizing the conversion of  thermal energy to
mechanical  energy.  TENG,  as  an  efficient  energy  conversion
device, can convert mechanical energy into electrical energy based
on  contact  electrification  and  electrostatic  induction.  Therefore,
via  coupling  the  Curie  effect  and  TENG,  it  is  expected  to  realize
the  conversion  from  thermal  energy  to  mechanical  energy  and
then  to  electrical  energy.  The  TMEc  system  is  constructed  to
demonstrate the feasibility of the above principle,  as illustrated in
Fig. 1(a).  The  TMEc  system  consists  of  a  rotor  (a  nickel  steel
welded workpiece,  a  fur  disk)  and a  stator  (printed  circuit  board
(PCB)  disk  with  electrodes).  The  nickel  ring  is  used  as  the

ferromagnetic material, which has a lower TC and low cost (Table
S1  in  the  Electronic  Supplementary  Material  (ESM)),  and  the
circular  magnet  provides  the  magnetic  field.  The  freestanding
mode  TENG  completes  the  conversion  from  mechanical  energy
into  electrical  energy.  The  rotor  and  the  central  shaft  are
connected  with  bearings,  and  three  aluminum  rods  are  used  to
connect the nickel steel welding and the fur disk to realize power
transmission. The specific structural assembly is introduced in Fig.
S1 in the ESM, and the optical photograph of the TMEc system is
shown in Fig. 1(b).

The working mechanism of TMEc system can be divided into
three  parts:  thermomagnetic  interaction part,  mechanical  motion
generation  part,  and  TENG  power  generation  part,  and  two
processes of energy conversion including thermo-mechanical and
mechanical-electrical.  The  force  analysis  of  the  nickel  ring  at
different  temperatures  is  used  to  explain  the  whole  rotation
process, as shown in Fig. 1(c). The unheated nickel ring exhibits a
ferromagnetic  phase  and can be  attracted  by  the  magnet.  At  this
moment,  the  magnetic  domains  (black  arrows  indicate  the
magnetic domain direction) are ordered along the direction of the
magnetic  field  (the  blue  dotted  line  indicates  the  magnetic
induction  line).  The  nickel  ring  is  divided  into  upper  and  lower
parts by the central axis of the magnet, which are subjected to two
directions  of  the  attraction F2 and F1,  respectively,  and  are  kept
stable under the fixing of the central axis. When the nickel ring is
heated with an alcohol lamp, the magnetic domains in the heated
area  rotate  and  become disordered  due  to  the  enhanced  thermal
motion of  the metal  lattice,  while  the magnetic domains in other
areas  remain  ordered.  As  a  result,  the  heated  area  becomes
paramagnetic  and  the  magnetic  induction  lines  become  smooth.
Figure  1(c), (ii)  shows  the  force  analysis  of  the  nickel  ring  under
heating.  Similarly,  the upper and lower parts  are subjected to the
attraction F2' and F1',  respectively.  At  this  moment,  due  to  the
conversion of ferromagnetic phase and paramagnetic phase, F1'  is
significantly reduced compared to F1, and the degree of reduction
is  greater  than that  of F2',  thereby generating a  tangential  force F
along  the  nickel  ring  clockwise,  and  the  nickel  ring  rotates
clockwise  by  a  certain  angle.  With  the  switching  of  the
ferromagnetic and paramagnetic phases in the new heating area, a
new force F is formed, which continues to drive the nickel ring to
rotate.  As  this  process  progresses,  thermomagnetic  interaction
enables  the  conversion  of  thermal  energy  to  mechanical  energy
(Movie  ESM1).  Furthermore,  the  conversion  of  mechanical  to
electrical  energy  is  realized  via  a  freestanding  mode  TENG,  as
shown in Fig. 1(d). 

2.2    Thermo-mechanical energy conversion
To  better  explain  the  principle  of  the  Curie  effect,  the
ferromagnetism and  paramagnetism transitions  of  the  magnet  at
different temperatures are simulated by finite element simulation.
Figure  2(a) shows  the  simulation  results  of  magnetic  field
distribution and temperature distribution at 298 (Fig. 2(a), (i) and
(ii))  and 600 K (Fig. 2(a),  (iii)  and (iv)) by COMSOL, and only a
partial area of the nickel ring is drawn. In 298 K, the nickel ring is
ferromagnetic  and  the  magnetic  induction  line  passing  through
the nickel ring is in a bent state (Fig. 2(a), (i)). As the temperature
increases,  the  magnetic  domains  are  disintegrated,  the  average
magnetic  moment  becomes  zero,  and  the  magnetism  of
ferromagnetic  substances  disappears  into  paramagnetic
substances.  The  magnetic  induction  line  passed  the  nickel  ring
becomes smooth.

The rotation speed of the nickel ring is an important evaluation
parameter for the thermal energy-mechanical energy process. The
influence  factors,  such  as  the  magnet  placement  angle,  position,
and nickel ring radius, to the rotation speed are explored. Here, we
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Figure 1    Schematic illustration and working mechanism of the TMEc system based on Curie effect and soft contact rotary TENG. (a) Structural schematic of TMEc
system  and  schematic  diagram  of  the  TENG  composed  of  rotators  (welded  workpiece  of  nickel  and  steel,  fur  disk)  and  stators  (PCB  disk  with  the  electrode).  (b)
Optical photograph of the TMEc system. (c) Schematic diagram of the working principle of TMEc system. Force analysis of nickel ring at different temperatures in the
process of converting thermal energy to mechanical energy. The enlarged part shows the effect of temperature on the magnetization direction of magnetic materials,
the  blue  line  is  the  magnetic  induction  line,  and  the  arrow  represents  the  magnetization  direction.  (d)  Mechanical  energy  is  transferred  into  electrical  energy  by
freestanding triboelectric-layer mode.

 

Figure 2    The principle and structure optimization of thermo-mechanical energy conversion. (a) COMSOL simulation of Curie effect, simulation results of magnetic
field distribution and temperature distribution at ((i) and (ii)) 298 and ((iii) and (iv)) 600 K. (b) Influence of magnet angle on rotational speed. (c) Influence of Ni disk
radius and number of heating sources on its rotational speed. (d) Thermal images of nickel disks with different radii under stable rotation. (e) The schematic diagram
of the position of the magnet, including the height difference between the magnet and the central axis, and the distance D between the magnet and the hot spot of the
nickel plate. The influence of the position of the magnet on the rotational speed (R = 8 cm), including the (f) height (H) and (g) D.
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chose N42 magnets (30 mm × 20 mm) for follow-up experiments
according  to  the  experimental  needs  [42].  The  direction  of  the
magnetic field determines the force direction of the nickel ring, so
the different placement angles of the magnets affect the magnitude
of the force on the nickel ring and thus the rotation speed. Figure
S2 in the ESM depicts the placement angles of the magnet. When
the magnet is placed at an angle of 90°, the nickel ring (R = 6 cm)
achieves the maximum rotation speed of 62 rpm with one alcohol
lamp,  as  measured  in Fig. 2(b).  The  alternation  of  the
ferromagnetic phase and paramagnetic phase caused by the cyclic
switching between hot and cold regions zones is the basis for the
stable  rotation  of  the  nickel  ring.  As  shown  in Fig. 2(c),  we
investigated  the  effect  of  nickel  rings  of  different  radii  and  the
number of heat sources on the rotational speed, and Fig. S3 in the
ESM shows the photograph of the nickel rings with different radii.
The  experimental  results  show  that  two  heating  sources  can
effectively increase the rotation speed of the nickel ring except for
nickel  rings  with  a  radius  of  5  cm.  And  with  the  increase  of  the
radius, the rotation speed first increases and then slowly decreases.
The  main  reason  can  be  explained  by  the  cooling/heating  cycle.
Nickel  rings  with  different  radii  affect  the  cooling  time,  for  the
small-radius nickel ring (e.g., R = 5 cm), has shorter cooling times
due  to  shorter  movement  paths  in  the  heated  area,  the  entire
nickel ring is mainly in the paramagnetic phase after a while. The
resultant force F of the upper and lower parts gradually decreases
or  even  disappears,  causing  the  nickel  ring  to  stop  rotating.
Therefore, one heating source is more beneficial to the nickel ring
with  a  radius  of  5  cm.  At  this  time,  the  nickel  ring  can  rotate
stably,  and Fig. S4(a)  in  the  ESM  shows  the  infrared  thermal
image of its stable rotation under one heat source. Conversely, as
the radius increases, take the nickel ring with an 8 cm radius as an
example. During the rotation process, the heated area of the nickel
ring  gradually  cooled  down  and  recovered  the  ferromagnetic
phase, while the new heating area did not complete the conversion
from the ferromagnetic phase to the paramagnetic phase, resulting
in  discontinuous  rotation  (Fig. S4(b)  in  the  ESM).  Therefore,  the
rotation speed increases first and then decreases with the increase
of  the  radius. Figure  2(d) and  Movie  ESM2  show  the  thermal
images  of  the  rotation process  of  nickel  rings  with  different  radii
under  the  condition  of  two  heating  sources.  The  temperature
region of the nickel ring with a small radius is significantly higher
than  that  of  the  nickel  ring  with  a  large  radius,  which  also
confirms  our  conjecture.  In  addition,  during  the  experiment,  it
was found that the nickel ring exists the phenomenon of unstable
rotation  (that  is,  alternating  clockwise  and  counterclockwise
rotation). The force analysis was carried out as shown in Fig. S5 in
the ESM. The main reason is that when the heated area of state 1
moves  to  the  position  of  state  2,  a  counterclockwise  tangential
force F'  is  generated,  which  makes  the  nickel  ring  rotate
counterclockwise.  The  results  of  infrared  thermal  imaging  also
proved  this  inference  (Fig. S5(c)  in  the  ESM  and  Movie  ESM3).
Therefore, as the linear speed is large enough, when the nickel ring
can smoothly cross the position generated by the reverse force F',
it will maintain a stable rotation state. The essential reason for the
unstable  rotation  is  the  uneven  and  discontinuous  heating,  so  in
addition to adding a heating source, preheating can still be carried
out  by  manually  assisting  the  rotation  to  bring  the  heating  and
cooling rate of the nickel disk to a stable state.

Although the nickel ring with a radius of 6 cm has the highest
rotational  speed,  the  nickel  disk  area  influences  the  TENG’s
output performance.  Large area TENG can achieve better  output
performance and the nickel ring with a radius of 8 cm is selected
for  subsequent  experiments.  The  nickel  ring  is  welded  with
stainless  steel  hub  and  assembled  with  the  acrylic  substrate  with
fur by three aluminum rods. Due to the load of the fur disk, it will

inevitably  affect  the  speed  of  the  nickel  ring.  According  to  the
moment of inertia equation

I=mr2 (1)

for a particle, m is the mass, and r is the vertical distance between
the  particle  and  the  axis  of  rotation.  The  load  of  the  fur  disk
increases  the  mass m,  the  moment  of  inertia  becomes  larger,  the
torque becomes smaller, so that the rotational speed decreases.

As  mentioned  in  the  previous  section,  the  resultant  force F is
formed by the force generated by the change of the ferromagnetic
phase and paramagnetic phase state of the upper and lower parts
of  the  nickel  ring.  The  magnitude  and  direction  of  the  force  are
determined by the direction of the magnetic field, so obtaining the
best magnet position helps to improve the conversion efficiency of
thermo-mechanical energy. As shown in Fig. 2(e),  the position of
the  magnet  has  two  parameters, D (the  distance  between  the
magnet  and  the  center  of  the  heat  source)  and H (the  vertical
distance  between  the  magnet’s  central  axis  and  the  center  of  the
circle). The results show that with the increase of H, the rotational
speed  first  increases  from  54  to  62  rpm  and  then  decreases  to
31 rpm (Fig. 2(f)).  When H = 0,  the central axis of the magnet is
coaxial  with  the  center  of  the  ring.  At  this  time,  since  the  heat
source is an alcohol lamp, the heated area and the central axis of
the magnet cannot be on the same horizontal line, so the rotation
speed is smaller than that when H = 1 cm. As shown in Fig. 2(g),
the  rotational  speed  decreases  with  the  increase  of  distance D,
mainly due to the weakening of the magnetic field as D increases,
resulting in a smaller resultant force, F. 

2.3    Mechanical-electrical energy conversion
As an emerging energy converting technology, TENG can convert
mechanical  stimuli  into  electrical  energy  owing  to  the
triboelectrification  and  electrostatic  induction,  thus  enabling  the
construction  of  self-powered  sensors  and  systems.  Considering
that  the  main  conversion  form  of  thermomechanical  energy
conversion  is  rotation,  the  turntable  structure  of  TENG with  the
freestanding  mode  is  selected.  Apart  from  the  flexibility  and
portability  of  the  TENG,  a  wide  selection  of  materials  has  been
demonstrated.  Almost  any  materials  with  different  electron
affinities, sometimes even the same material, can be used to design
functional  triboelectrification  layers.  Different  triboelectric
dielectrics with different operating modes are compared in Fig. S6
in  the  ESM.  In  the  conductor–dielectric  mode,  the  conductor,
such as  copper  and aluminum, must  act  as  both the  triboelectric
dielectric  and  the  charge  transfer  electrode.  In  the  positive
dielectric–negative  dielectric  mode,  metal  or  metal  oxide  shall  be
only  used  as  the  electrode.  In  this  case,  there  is  a  large  frictional
resistance in the direct contact of the friction pair, which will cause
severe  material  wear  during the  relative  movement  [47, 48].  Two
soft-contact  dielectric  layers  (soft-contact  polytetrafluoroethylene
(sPTFE),  rabbit  fur)  are  introduced  to  solve  the  above  problem.
The  introduction  of  a  soft-contact  dielectric  layer  to  separate  the
stator  and  rotor  not  only  reduces  the  frictional  resistance  of  the
TENG  during  operation,  protects  the  surface  of  the  charged
dielectric  layer,  and  prolongs  the  device  life,  but  also  greatly
improves  the  output  power  density  of  the  TENG.  Among  them,
the  peak-to-peak VOC, QSC,  and ISC of  the  TENG made  of  rabbit
fur and fluorinated ethylene propylene (FEP) reach a higher value,
about  1.24  kV,  259  nC,  and  1.80  μA,  respectively.  The  structure
schematic  of  SCR-TENG is  shown in Fig. 3(a),  which  consists  of
fan-shaped  fur  brushes  (positive  triboelectric  dielectric)  and  FEP
films  (negative  triboelectric  dielectric)  based  on  the  freestanding
mode.

The  working  process  of  the  SCR-TENG  is  based  on  the
coupling of triboelectrification and electrostatic induction. During
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the  operation  process  triggered  by  external  mechanical,  the  FEP
films and the fan-shaped fur brushes are in good contact. Electron
transfer occurs on the surface through sliding friction, resulting in
positive charge on the fur surface and negative charge on the FEP
surface.  The  negative  charges  on  the  FEP  surface  gradually
accumulated and reached saturation after several cycles. Owing to
the  charge  conservation,  the  saturated  tribo-charge  amounts  on
the fur sectors and FEP films are equivalent, but the charge density
on the FEP is half of that on the fur brushes. Figure 3(b) shows a
typical  working  cycle  of  the  freestanding  TENG,  only  one  basic
unit  of  signal  generation  is  introduced  to  clarify  the  working
mechanism.  The state  (i),  where  the  fur  brush is  placed precisely
above the right electrode, is taken as the initial  condition. Due to
electrostatic  induction,  appropriate  negative  free  charges  are
induced  on  the  right  electrode  to  balance  the  excessive  positive
polarization  above  it.  When  the  fur  sector  is  rotated  clockwise
relative  to  the  bottom  electrode  (states  (ii)  and  (iii)),  the  positive
polarization  intensity  on  the  right  electrode  decreases  while  the
positive  polarization  intensity  on  the  left  electrode  gradually
increases. The free electrons are redistributed by flowing from the
right  electrode  to  the  left  electrode  through  the  external  circuit.
The induced current direction from the left to the right electrode
is maintained until the FEP gets matched with the right electrode
(state  (iv)).  When  the  fan-shaped  brush  rotates  further  and
completely passes through the left electrode (states (vi)–(viii)), the
electrons  flow  backward  to  the  right  electrode,  generating  a
reversed current pulse through the external resistance. During the
stable rotation, the next fan-shaped fur region continues to repeat
this  cycle,  resulting  in  the  continuous  alternating  current  (AC)
output  of  the  SCR-TENG.  As  shown  in Fig. 3(c),  COMSOL

carries out corresponding simulations of the potential distribution
under the entire rotation process, to observe the power generation
process. 

2.4    Optimization of SCR-TENG output performance
To  optimize  the  output  performance  of  the  SCR-TENG,  some
factors  such  as  rotational  speed,  disk  radius,  contact  degree,  and
interdigital  electrode  pairing  are  investigated.  A  commercial
rotating  electrical  machine  measurement  system  is  used  for
testing. The length of the fur is approximately 20 mm, which can
be spread out along the growth direction, and it is directly pasted
on the acrylic disk.

The  effect  of  rotational  speed  on  the  electrical  output
performance of the SCR-TENG is firstly investigated, as illustrated
in Fig. 4(a) and Fig. S7  in  the  ESM.  Considering  the  actual
rotational  speed  of  the  thermomechanical  energy  conversion
process,  the  output  performance  under  10–50  rpm  is  explored.
The results show that as the rotational speed increases from 10 to
50  rpm,  the VOC and  the QSC are  almost  stable  at  1.7  kV  and
320  nC,  respectively,  and  the ISC increases  from  0.25  to  1.82  μA.
According  to  the  mechanism  of  TENG,  in  the  process  of
triboelectric electrification, the charge amount becomes stable after
reaching saturation, regardless of the rotation speed. As for the ISC,
referring  to  Eq.  (2),  the  time  course  of  charge  transfer  decreases,
and the ISC gradually increases

I= dQ/dt (2)

In  addition,  the  effect  of  different  radii  on  the  output
performance of  the  SCR-TENG is  shown in Fig. 4(b) and Fig. S8
in  the  ESM.  The  contact  area  becomes  larger  as  the  radius

 

Figure 3    Schematic diagram showing the working principle of the SCR-TENG. (a) Schematic diagram of the soft-contact rotational TENG. (b) Schematic diagram of
the working principle of the SCR-TENG for electrostatic induction in the charge-saturated stage. (c) COMSOL simulation results of SCR-TENG corresponding to the
rotating state.
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increases, and the ISC, VOC, and QSC gradually increase. Combined
with the nickel stainless steel weldment of radius eight selected in
the previous section, a fur disk of 8 cm radius is finally chosen for
higher output performance.

Besides  rotational  speed  and  fur  disk  radius,  the  gap D (Fig.
S9(a)  in  the  ESM)  between  the  rotor  (the  acrylic  disk  with  fur
adhered)  and  the  FEP  disk,  which  determines  the  degree  of
contact, is another crucial factor affecting the output performance
of  TENG.  As  the  distance  decreases  from  25  to  10  mm,  the ISC
gradually increases from 0.32 to 3.24 μA, and the charge increases
from  26.2  to  415  nC  (Fig. 4(c) and Fig. S9(b)  in  the  ESM).  The
output performance can be improved by changing the distance or
fur length to obtain a good contact state,  but at the same time, it
should  be  considered  that  a  good  contact  state  will  lead  to
excessive  frictional  resistance,  so  the  distance  should  be  changed
according to the actual driving force. The influence of the unit of
interdigitated  electrodes  on  the  triboelectric  properties  has  been
tested. As illustrated in Fig. 4(d) and Fig. S10 in the ESM, the QSC
of 3 units is up to 362 nC, and the ISC of 12 units is up to 6.01 μA.
With  the  multiplication  of  units,  the  effective  contact  area
decreases, gradually minimizing the VOC and QSC. Conversely, the
time  course  of  charge  transfer  decreases,  and  the ISC gradually
increases.  In  order  to  further  optimize  the  structure  of  the  SCR-
TENG, the fur is fixed with an acrylic framework, and the output
performance  of  the  two  is  compared.  Magnified  views  of  the ISC
and QSC pulse  peaks  of  the  rotor  disk  with  or  without  frame are
shown  in Fig. 4(e).  The  results  show  that  the  waveform  of  the
transferred  charge  is  basically  the  same,  but  the  current  is
completely different. The peak value of the short-circuit current of
the  rotor  disk  with  a  fixed  frame  is  a  sharp  peak,  and  the  peak

value of the current without a frame is a flat peak. Moreover, the
ISC of the TENG with a fixed frame is higher than that without a
frame.  The  time-integrated  value  of  the  current  of  the  rotor  disk
without  the  frame  is  larger  than  that  of  the  rotor  disk  with  the
frame, i.e., the transferred charge is larger. Optical photographs of
the framed and unframed rotor  disks  are  shown in Fig. 4(f).  The
fur  of  the  rotor  disk  without  a  fixed  frame  is  scattered  and  the
contact  area  with  the  FEP  is  larger,  resulting  in  a  higher
transferred  charge  amount,  while  the  fur  with  a  frame  remains
upright  with  clear  boundaries  of  the  different  sector  meshes  and
no overlapping areas.  After  considering these  factors,  we selected
the fur fixed with a framework in the following experiments.

Through  the  exploration  of  the  influence  factors  of  the
rotational  speed,  the  radius R of  the  fur  disk,  the  gap D,  the
number  of  interdigital  electrode  pairs,  and  rotor  disk  with  or
without  a  frame,  the  optimal  structure  of  the  SCR-TENG  was
determined. The improved and optimized structure (R = 8 cm, D
= 13 mm, N = 6) is tested at 30 rpm, and finally obtains an ISC of
3.23 μA and a QSC of 389 nC. The electrical outputs when loading
a  resistor  are  also  characterized,  and  the  peak  current-resistance
and peak  power-resistance  relationships  are  depicted  in Fig. 4(g).
The instantaneous output power is calculated by

P= I2tR (3)

where R is the loaded resistance and It is the instantaneous current
across  the  resistance.  As  shown  in Fig. 4(g),  the  instantaneous
peak  power  reaches  its  maximum  value  of  14.8  mW  at  the
matched resistance of 1.1 GΩ. Figure 4(h) shows the cycle stability
of the SCR-TENG in the 8-h working time. For the FEP-rabbit fur
combination, the degree of wear on the surface of the FEP film is

 

Figure 4    Structural design and optimization of SCR-TENG. (a) The short current (ISC) waveforms at different speeds under the test conditions of rotating electrical
machines (R = 5 cm, D = 13 mm, N = 3). (b) Influence of the radius of fur disk on ISC of SCR-TENG (r = 30 rpm, D = 13 mm, N = 3). (c) ISC waveforms of the SCR-
TENG with  the  different  internal  gaps  between  acrylic  and  FEP (r =30  rpm, N =  3, R =  8  cm).  (d) ISC waveforms  of  the  SCR-TENG at  the  different  numbers  of
interdigitated  electrode  pairs  (r =  30  rpm, R =  8  cm).  (e)  Half-periodic  pulse  wave  of  the  SCR-TENG  using  the  rotors  without  and  with  brush  framework.  (f)
Photographs show the rotors with fur brushes without and with the framework. The scale bar is 4 cm. (g) Instantaneous peak current and power-resistance relationship
profiles for the SCR-TENG under the selected structural  conditions (30 rpm, R = 8 cm, D = 13 mm, N = 6).  (h) Cyclic stability test  of  SCR-TENG under selected
structural conditions, the inset is the ISC waveform in the early, middle, and end stages.
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greatly  reduced  because  of  the  soft  contact  of  fur,  and  there  is
almost  no  remarkable  decrease  in  the  output  performance  after
86,400 cycles. 

2.5    Electrical output performance and application of the
TMEc system
Through  the  design  and  optimization  of  the  thermo-mechanical
energy  conversion  process  and  the  mechanical-electrical  energy
conversion  process,  we  finally  constructed  a  TMEc  system  and
demonstrated  its  application  prospects  in  recovering  thermal
energy in the mid-low temperature range. Figure 5(a) and Movie
ESM4 show the optical photograph of the testing environment of
the TMEc system.

During the experiment, we found that the resistance during the
sliding process between the fur and the FEP is far greater than the
driving force of the thermo-mechanical conversion process, which
leads  to  unstable  rotation.  Two  solutions  have  been  adopted  to
solve this problem. On the one hand, the resultant force F of  the
thermomagnetic  interaction  part  is  improved  by  increasing  the
number  of  magnets.  The  two  magnets  alternately  generate  the
force  on  both  sides  of  the  nickel  ring,  which  complements  each
other  to  increase  the  rotational  speed,  and  the  force  analysis  is
shown in Fig. S11 in the ESM. Figure 5(b) and Movie ESM5 show
the  output  performance  of  the  TMEc  system  with  different
numbers of magnets.  The results show that the VOC, ISC,  and QSC
are increased to 174 V, 1.32 μA, and 103.8 nC, respectively. On the
other  hand,  the  gap  between  the  fur  tip  to  the  FEP  membrane
surface determines the resistance to sliding friction. The resistance
can  be  reduced  by  narrowing  the  gap d,  but  the  output
performance is inevitably reduced. As shown in Fig. 5(c), when d
=  −0.5  mm,  the  unstable  electrical  output  is  caused  by  left  and
right swinging, and when d = 0 mm, that is, when the fur is just in
contact  with  the  FEP  film,  there  exists  a  stable  output
performance. The final obtained output performance is shown in
Figs. 5(d) and 5(e), and Fig. S12 in the ESM, the TMEc system has

a VOC of 174 V, an ISC of 1.32 μA, and a QSC of 103.8 nC. The peak
current–resistance  and  peak  power–resistance  relationships  are
depicted  in Fig. 5(f),  where  the  maximum  power  value  was
4.45 mW in the actual working conditions. Figure 5(g) shows the
schematic  diagram  of  the  equivalent  circuit  of  the  TMEc  system
charging  application,  and  the  charging  capability  of  the  TMEc
system  to  the  capacitor  is  shown  in Fig. 5(h).  For  a  47  μF
capacitor,  it  can  be  charged  to  ~  2  V  in  190  s  in  the  actual  test
environment. For the 1.0, 3.3, 4.7, and 10 μF capacitors, it takes 15,
28,  48,  and  91  s  to  charge  to  4  V,  respectively.  Additionally,  we
demonstrate  the  TMEc  system  to  light  up  multiple  LEDs,  as
shown  in Fig. 5(i).  22  LEDs  were  assembled  to  form  an  arrow
indicating the right direction (Movie ESM6).

The mechanism of this  system can also be applied to different
natural  scenes  as  a  means  of  energy  conversion  to  harvest  low-
grade  waste  thermal  energy  from  various  sources,  such  as  waste
thermal  energy  in  food  processing,  crude  oil  processing,  and
organic chemical processes. And the proposed energy conversion
system  has  applicability  in  a  wide  operating  temperature  range.
The energy conversion system based on the magnetocaloric effect
can  be  designed  by  selecting  magnetic  materials  with  different
Curie  points  according  to  the  temperature  region  of  the  waste
thermal  energy  in  the  actual  scene.  It  is  obvious  that  the  lower
electrical output performance is due to the smaller resultant force
generated  by  the  magnetocaloric  effect,  and  the  high  sliding
frictional resistance between the fur and the FEP membrane. The
number of magnets has been proven to provide a greater driving
force.  In the future,  the output performance can be improved by
increasing  the  number  of  magnets  and  the  magnetic  energy
product of the magnets. In addition, the design and packaging of
the TMEc system structure are carried out according to the form
of waste thermal energy (gaseous and liquid). On the other hand,
varieties  of  hybrid  generators  have  been  developed  to  effectively
improve output performance and energy conversion efficiency, so
the  electromagnetic  generator  and  TENG  can  be  combined  to
further improve the output performance of the TMEc system. 

 

Figure 5    Electrical  output  performance  and  application  of  the  TMEc system based  on  the  SCR-TENG.  (a)  Optical  photograph  of  the  testing  environment  of  the
TMEc system.  (b)  Comparison of  electrical  output  performance  of  SCR-TENG with  different  numbers  of  magnets.  (c)  Attenuation  trend of  SCR-TENG electrical
output performance with the different internal gaps between fur and FEP in TMEc system. (d) ISC curve and (e) QSC curve of the SCR-TENG of the optimized TMEc
system. (f) The instantaneous peak current and power-resistance relationship profiles for the SCR-TENG under the actual working condition. (g) Circuit diagram for
driving  low-power  electronic  components  with  rectifiers  and  capacitors.  (h)  Charging  curves  for  different  capacitors  by  the  SCR-TENG  of  the  TMEc  system.  (i)
Directly powering LED bulbs for direction indication by the SCR-TENG of the TMEc system.
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3    Conclusions
In conclusion, a TMEc system based on the Curie effect and SCR-
TENG  has  been  further  developed  to  recover  thermal  energy  in
the mid-low temperature range. It shows a prospect for collecting
and  utilizing  various  wasted  low-grade  thermal  energy  sources
such  as  waste  thermal  energy  in  food  processing,  crude  oil
processing,  and  organic  chemical  processes  in  the  environment.
To  achieve  low-grade  thermal  energy  harvesting,  the
thermomechanical energy conversion process based on the Curie
effect  and  the  mechanical  energy  conversion  electrical  energy
process based on TENG are designed and optimized. The framed
rabbit  fur  not  only  generates  high-density  charges  on the  surface
of the FEP film, but also improves device durability. After 86,400
operating  cycles,  the  short-circuit  current  has  no  apparent
attenuation. In the verification experiment, the TMEc system can
obtain  a  considerable  electrical  output  and  charge  different
capacitors by the stable rotation. On the other hand, The electrical
output  can  light  up  arrows  assembled  from  multiple  LEDs,  to
indicate the right direction in special scenes. More improvements
and  explorations  are  expected  in  the  future.  In  all,  this  work
provides  a  new  method  for  mid-low  temperature  energy
harvesting  and  thermal  energy  transformation  and  widens  the
application fields of TENGs. 

4    Experimental section
 

4.1    Fabrication of the TMEc system
The  TMEc  system  was  assembled  from  an  acrylic  frame,  nickel
stainless  steel  weldments,  SCR-TENG,  heat  sources,  magnets,
bearings, and aluminum rods. The acrylic frame was designed and
cut by a laser cutting machine (PLS6.75, Universal Laser System).
The nickel stainless steel weldments were welded from nickel rings
and  stainless-steel  hubs.  The  SCR-TENG  unit  was  composed  of
two  parts:  a  fur  disk  and  an  electrode  disk.  For  the  fur  disk,  six
sectored  furs  with  equal-degree  radially-arrayed  sectors  were
pasted  on  the  acrylic  substrate.  The  outer  diameter  and  inner
diameter  of  the  sectored  furs  were  160  and  20  mm,  respectively.
An  acrylic  sheet  was  cut  into  the  desired  shape  by  a  laser  cutter
(PLS6.75) and then double-sided tape (Kapton) was used to attach
the  fur  to  the  acrylic  substrate.  Two  experimental  alcohol  lamps
served  as  the  heat  source.  Magnets  of  N42,  bearings,  and
aluminum rods with different diameters were purchased from the
market. 

4.2    Characterization and measurement
A hand-held infrared imaging device (Keysight U5857A) was used
to  monitor  and  preserve  temperature  variation.  A  rotary  motor
(GFV2G20S) was utilized in the process of SCR-TENG structural
design.  The  magnetic  distributions  of  the  magnets  with  different
temperatures  were  simulated  by  COMSOL  (COMSOL
Multiphysics  5.4,  Stockholm,  Sweden).  The  short-circuit  current,
open-circuit  voltage,  transferred  charges,  and
charging/discharging  curves  were  measured  by  a  programmable
electrometer  (Keithley  Instruments  model  6514).  A  voltage
division  circuit  combined  with  Keithley  6514  electrometer  was
used to measure the open-circuit voltage. 
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