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Hydrogel-based printing strategy for high-
performance flexible thermoelectric generators†
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Flexible thermoelectric (TE) devices can utilize the slight temperature difference between curved surfaces

and surroundings to generate TE potential, presenting great potential in microelectronic energy supply

and wearable sensing. Printing method has been employed to fabricate high-performance flexible TE

films by means of excellent capability of assembling nanomaterials, but the decrease in the electrical

conductivity caused by organic matters in the thermoelectric pastes will significantly reduce the ther-

moelectric performance. Herein, we report a hydrogel-based printing strategy to deposit flexible TE

generators on various flexible substrates. The hydrogel network formed by physical crosslinking and

molecular chain entanglement at 0.498 wt% carboxylated cellulose nanofibers can effectively limit the

fluidity of 1D nanorod dispersion, which produces only <5% decline in electrical conductivity and

Seebeck coefficient compared to the pure inorganic nanorod films. The device with 72 couples con-

structed by printing presents a high power density of 1.278 W m−2 under a temperature difference of

50 K. The advantages of hydrogel-based printing can broaden application prospects in the field of

wearable electronics.

Introduction

Flexible thermoelectric generators (f-TEGs) can directly utilize
the waste heat from human body and environment to generate
electricity,1–5 which shows great potential in the wearable field.
For example, Zhou et al.6 proposed a wearable leaf-TEG that
can directly harvest body’s heat energy by vertically standing
on skin. In the past decade, numerous methods, such as
vacuum filtration,7–9 sputtering,10–13 and coating,14–17 have
been used to prepare flexible thermoelectric (TE) materials,
and then these materials were integrated into f-TEGs using
metal wires (Cu, Ag or Pt).18–20 Compared with these early
strategies, printing allows the direct assembly of nano-
materials into working devices through a complete printing
technique, which has been employed in the field of flexible
thermoelectrics.21–23 For example, Madan et al.24 used the
planar printing technology to prepare composite TE modules

using epoxy resin-based Bi2Te3, and then constructed a flexible
TE device consisting of the 62 TE modules. Saeidi-Javash et al.25

used a 3D conformal printing process incorporating organic/
inorganic composite ink to prepare f-TEGs composed of
Bi2Te2.7Se0.3 films. To obtain printability in previous works, TE
inks were designed as printing pastes with a certain viscosity
by adding high-viscosity organics such as glycerol and ethylene
glycol.25–28 However, these insulating organics usually cause a
decline in the electrical conductivity of the printed material,
resulting in the reduction of the TE properties.

In response to the above problems, the p- and n-type hydro-
gel pastes with uniform dispersion were prepared first and
then printed on the flexible substrate to construct high-per-
formance f-TEGs in this study. The stable water-locking
network formed by carboxylated cellulose nanofibers (CCNs)
enables a limit in the flow of 1D nanorod (NR) dispersions,
where the interconnected network was established by hydro-
gen bonds in CCN and the 1D NR dispersion was confined in
the network as a filler. Due to the extremely low amount of
CCN (0.498 wt%), the electrical conductivity and Seebeck
coefficient of the printed p- and n-type TE legs decrease by less
than 5% compared to the pure NR films. Finally, the printed
TE generator with 70 pairs of TE legs presented a high output
voltage of 360.5 mV and a power density of 1.278 W m−2 at a
temperature difference of 50 K, presenting great potential for
energy supply and sensor applications in the wearable field.
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Experimental methods
Pristine materials

TeO2 (99.9%) and NaOH (99.9%) were purchased from Aladdin
Industrial Co., Ltd. AgNO3 (99.95%), Cu(NO3)2·3H2O (99.99%),
polyvinyl pyrrolidone (PVP, Mw = 40 000), ethanol (C2H5OH,
≥99.5%), sodium carboxymethyl cellulose (SCC, 99%), carboxy-
methyl chitosan (CC, 99.5%), gelatin (G, Mw = 9000–12 000),
and ascorbic acid (99.9%) were purchased from the Shanghai
Titan Scientific Co., Ltd. N2H4·H2O (85%) and ethylene glycol
(EG ≥99%) were purchased from the Sinopharm Chemical
Reagent Co., Ltd. The carboxylated cellulose nanofiber (CCN,
99.6%, length: 1–3 μm, diameter: 4–10 nm) was purchased
from the Guilin Qihong Technology Co., Ltd. Deionized (DI)
water (18.2 MΩ) was used in all experiments.

Synthesis of Te NR, p-type CuyTe, and n-type AgxTe NRs

TeO2 (2.88 g), NaOH (3.6 g), and PVP (1.2 g) were mixed well in
EG (120 mL). After heating at 120 °C for 20 min, N2H4·H2O
(6.0 mL) were added to the solution to reduce TeO2. The colour
of the solution gradually turned brownish gray during 90 min
reaction at 120 °C. The cooled solution was poured into
300 mL DI water with 10 vol% N2H4·H2O solution and stirred
(Fig. S1a†). The solution was then centrifuged several times,
with the addition of DI water. After that, the final sample was
dried at 60 °C for 24 h in a vacuum oven, which gives the Te
NRs. To synthesize CuyTe and AgxTe NRs (Fig. S1b†), Te NRs
were redispersed in EG, and then the AgNO3 and Cu(NO3)2
solution with different nominal molar ratios were added into
the Te NR dispersion respectively. Then, a certain amount of
ascorbic acid aqueous solution dissolved in EG is added to the
mixed solutions to reduce metal ions. The as-synthesized pro-
ducts were alternately washed with DI water and ethanol four
times using centrifugation after the 4 h reaction at room temp-
erature. Finally, AgxTe and CuyTe NRs were obtained.

Fabrication of the hydrogel pastes and f-TEGs

For the hydrogel pastes: 4 g of Ag4Te, Cu1.5Te NRs (the
nominal molar ratio: the atomic ratios in the reagents partici-
pating in the reaction, was employed to define the subscripts
in the chemical formulas) were mixed with 16 mL DI water
and stirred for 30 min, followed by ultrasonic treatment in a
water bath for 90 min to obtain homogeneous dispersions.
Then, 0.1 g CCN was added to the resulting dispersions and
stirred at 6000 rpm for 5 min using a homogenizer (HR-6B) to
form the stable hydrogel pastes with Ag4Te and Cu1.5Te NRs,
respectively, where the ratio of CCN/H2O is 0.625 wt% and the
corresponding ratio of CCN in the pastes is 0.498 wt%. Finally,
the hydrogel pastes were subjected to vacuum defoaming treat-
ment. A high-resolution 3D printer (BioScaffolder 4.2, GESIM)
was employed to print the precise patterns at different sub-
strates, with a printing speed from 1–6 mm s−1 and an air
pressure of 5 kPa. The printer was digitally programmed with
computer-aided design software for pattern formation. After
the printed hydrogel pastes lost water and were dried at 323 K,
the p- and n-type TE legs were formed, and the mass ratios of

the Ag4Te, Cu1.5Te NRs were 97.5 wt% in the composite legs.
To optimize the TE performance, the printing process was
repeated several times through the original path again for
increasing the thickness. The silver paste was printed to
connect the p- and n-type legs. The f-TEG was pressed at
5 MPa for 30 min to increase the leg density. The resulting
f-TEG was further dried in a vacuum oven at 323 K for 24 h.

Measurement and characterization

The in-plane electrical conductivity at room temperature (RT)
was measured by a steady-state four-probe technique (Ecopia
HMS-3000). The in-plane Seebeck and electrical conductivity
were simultaneously measured by a TE measurer (NETZSCH,
SBA-458). The phase composition of the synthesized samples
was examined by XRD using a Cu Kα radiation source (D/MAX
2550). The morphology was characterized by FE-SEM (Hitachi
SU8000, Japan). TEM and HR-TEM were performed using a
Talos F200S electron microscope, and energy dispersive X-ray
spectroscopy (EDS) was attached to TEM. XPS (Escalab 250Xi,
USA) was used to analyze the electronic states of the samples.
The bending tests of the composite films were performed
using a self-built mechanical collider. The output properties of
the f-TEGs were tested by the source measurement unit (SMU,
Keithley 6510). A self-built conical container was used to test
the slump. A contact angle analyzer (OCA400Micro, Germany)
was used to measure the contact angles. One end of the
assembled generator was put on a hot plate controlled by an
automatic temperature controlling module that acted as the
hot side, and the other end was attached to a cold insulating
block acting as the cold side. The f-TEG was connected to a
variable resistance box (accuracy of 1 Ω) when testing the out-
power. A digital humidity controller (XH-W2105) was used to
regulate the humidity of the test environment. By modulating
the load resistance, the load voltage of the resistance box and
the output current were collected under a particular tempera-
ture gradient.

Results and discussion

To form the hydrogel pastes, the cross-linking materials play a
crucial role. To ensure the high conductivity of the printed TE
legs, these hydrogel pastes need to be printed even at both
low crosslink densities and low polymer concentrations.29

Therefore, CCN was chosen as the skeleton of the hydrogels
because extremely high aspect ratio and rich functional groups
can enhance hydrogel stability and printability even at low
concentrations.30,31 CCN also possesses an ultrafine nanofi-
brous network structure, which may be useful to confine the
NRs for constructing the printable hydrogel pastes. The print-
ing illustration and hydrogel structure are depicted in Fig. 1.
The as-prepared hydrogel pastes are physically crosslinked by
intermolecular hydrogen bonding among the CCNs,31,32 which
tend to exhibit water loss characteristics when subjected to the
influence of an external environment such as high tempera-
ture. This property is necessary for the printed gel to form the
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solid TE legs after printing. In addition, the high-length CCNs
are also able to entangle during stirring, exhibiting the advan-
tage of the confinement of NR dispersion. By adjusting the
ratio of CCN/H2O, the viscosity of the hydrogel pastes can be
controlled, which reach the level of printing. In these hydrogel
pastes, the 1D Te-based nanomaterials were employed as the
TE components. The 3D network of CCNs formed by physical
crosslinking and entanglement can effectively control the
fluidity of the 1D Te-based nanomaterials, which avoids the
diffusion of the printed hydrogel pastes to some degree after
printing. Therefore, the printed legs enable stay on the print
path after printing, maintaining accurate dimensions.

Furthermore, we compared this CCN-based hydrogel paste
with other commercial hydrogels to highlight the advantages,
where the mass ratio of several organics/H2O in the hydrogels
was all controlled to 0.498 wt%. As shown in Fig. 2a, the hydro-
gels formed by physical crosslinking and entanglement will
lose water in the external environment after being printed,
which may cause different degrees of shrinkage or expansion
on the substrates. To evaluate the retention after printing, the
printed hydrogels are shown in Fig. 2b, including CCNs,
sodium carboxymethyl cellulose (SCC), carboxymethyl chito-
san (CC), and gelatin (G) hydrogels. The CCNs-based hydrogel
paste shows the best shape-retaining ability after printing.
Considering that polyimide is usually chosen as the f-TEG sub-
strate, we tested the contact angles of the hydrogel pastes on
the polyimide film (Fig. 2c). The CC and CCN hydrogels
present larger contact angles compared with other hydrogels,
but the height of the CCN hydrogel is larger than that of the
CC hydrogel, therefore demonstrating the optimal capability of
shape retention. To quantitatively assess the retention capa-
bility, the relative slump originating from the engineering field
was calculated by dividing the height of the diffused hydrogels
by the height of the conical container.33,34 The ∼12% relative
slump of the CCNs hydrogel means that 85–90% height can be

maintained compared with the initial state, which is 3 times
higher than that of other hydrogels, demonstrating the excel-
lent retention capacity. In addition, we also tested the water
loss performance of the hydrogels under specific heating
temperatures, as seen in Fig. 2e. The water, SCC hydrogel, and
CCN hydrogel exhibit approximately fast water loss ratio at
313 K, where the CCN hydrogel dried completely after
∼15 min. This fast water loss facilitated the rapid formation of
printed TE legs, which is beneficial to implement the precise
control of the dimension size.

Except for the printability of hydrogel pastes, another focus
is on the TE performance. Although numerous conductive
polymers have been reported,35,36 their TE properties are still
low compared to inorganic semiconductor materials.37 Among
inorganic TE materials, 1D Te-based inorganic NRs exhibit
excellent TE performance owing to the effect of “quantum
well”,9,38–40 which were employed in hydrogel pastes to achieve
outstanding TE performance. Another advantage is that the
Te-based NRs can exhibit the p- and n-type conductivity
respectively through chemical modification,9,41–43 which
achieves high TE performance of the printed materials while
obtaining p- and n-type TE legs. Firstly, Te NRs as a template
for Te-based nanomaterials were synthesized using a solvo-
thermal method, and then Ag and Cu were grown in situ on
the Te NR surface in weakly reducing EG. The synthetic strat-
egies of CuyTe and AgxTe NRs are shown in Fig. S1† and
Experimental methods. The XRD patterns of Te NR, AgxTe NR,
and CuyTe NR are shown in Fig. S2.† The XRD peaks indicate
that the hexagonal crystalline phase of the Te NRs is in good
agreement with the standard Te phase (PDF#36-1452), which
demonstrates the pure Te crystalline phase. The sharp diffrac-
tion peaks and narrow half-peak width prove the high crystalli-
nity. However, the peaks of AgxTe and CuyTe NRs are slightly
shifted compared to the standard Ag2Te (PDF#34-0142) and
Cu2Te phases (PDF#10-0421), which may be attributed to the

Fig. 1 Schematic of the relationship between the physical crosslinking mechanism, the confinement of AgxTe/CuyTe NR dispersions, and the hydro-
gel pastes with high aspect ratio CCNs, and their applications as printing inks.
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different doping degrees of the metal atoms. The SEM and
TEM images were used for the further characterization of the
NRs, as shown in Fig. S3.† Compared with the morphology of
Te NR, AgxTe and CuyTe NR exhibited different degrees of
deformation, which may be caused by the uneven growth of
metals on the surface of Te NR. The energy-dispersive spec-
troscopy (EDS) mappings of AgxTe and CuyTe NR show the dis-
tribution of spatial elements, demonstrating the growth of Ag
and Te on the surface of Te NRs.

To determine the optimal nominal molar ratio for maximiz-
ing the TE performance of hydrogel pastes, we tested the TE
properties of the AgxTe and CuyTe NR films with different
nominal molar ratios. The n-type Ag4Te NRs and p-type
Cu1.5Te exhibit the maximum power factor of ∼101.4 and
64.3 μW m−1 K−2 at RT (Fig. 3a and b), which was selected as
the p- and n-type TE components in this work. Next, we evalu-
ate the effect of the CCN concentration on the viscosity of ther-
moelectric pastes and affinity to different substrates. As shown
in Fig. S4,† the viscosity of hydrogel pastes increases with
increasing CCN content, while it decreases with increasing
shear ratio, which is an important characteristic to ensure that

hydrogel pastes that can be printed. Another point of concern
is that the addition of Te-based NRs further increases the vis-
cosity of the pastes so as to improve the printability. The
corresponding contact angels also demonstrate that the
increase in the CCN concentration is beneficial for maintain-
ing the slump and the addition of Te-based NRs also helps to
improve the contact angles (Fig. S5–S8†). In addition, we com-
pared the affinity of pastes to different substrates based on the
contact angles (Fig. S5–S8†). The results reveal that the hydro-
gel pastes maintain a high slump on different substrates when
the concentration of CCN in the pastes is ≥0.498 wt%, and the
printed TE legs show a more uniform and dense morphology
than that of pastes with lower CCN concentration (Fig. S9†),
which provides a practical basis for printing high-performance
f-TEGs on different substrates.

Further, the effects of CCN content on the Seebeck coeffi-
cient and electrical conductivity of the printed thermoelectric
legs were evaluated, as shown in Fig. 3c and d. With the
increase in the CCN content, the Seebeck coefficient of the
printed n- and p-type legs did not decrease significantly but
the electrical conductivity gradually declines, thus leading to a

Fig. 2 (a) Schematic diagram of gelation and water loss of the CCN hydrogel through inter-entanglement and physical crosslinking. (b) Photograph
of the printed hydrogel pastes; the glass was used as the substrate. (c) Contact angles of different hydrogel pastes on the PI substrate. (d) Slump
comparison: the percentage of the height of the hydrogel pastes to the container after the removal of the conical container. (e) Water loss rates as a
function of time, where the concentrations of organics are 0.625 wt%. Ambient temperature and humidity are 313 K and 40%, respectively.
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gradual decrease in the power factor. When the ratio of CCN/
H2O in the p- and n-type pastes is 0.498 wt%, the printed ther-
moelectric legs in the gel state demonstrated excellent shape
retention, which did not exhibit a significant slump.
Combining the thermoelectric performance and printability,
this ratio of 0.498 wt% CCN/H2O is employed in the sub-
sequent printing of f-TEG.

The schematic structure of the printed f-TEG is shown in
Fig. 3e, where the highly sophisticated bio-3D printer was
employed to construct this f-TEG (Fig. S10†). To increase the
denseness of the legs, we further employed the pressing tech-
nique to process the printed films (Fig. 3f). After the p- and
n-hydrogel pastes were successively printed on the flexible sub-
strate and dried at 323 K, the silver paste printed with the
same parameters was used as the connection of the p- and
n-type legs in series electrically and in parallel thermally.
Fig. 3g and h present the microstructures of printed p- and
n-type legs, where the p- and n-type TE components are
Cu1.5Te and Ag4Te NRs, respectively. Attributed to the residual
porosity of the hydrogel pastes after drying, the TE legs exhibit

loose microstructures, which cannot provide an efficient
transmission path for the carriers. As shown in Fig. 3i and j,
the pressed films exhibit denser structures than before press-
ing, which is beneficial to enhance the carrier transport to
improve the TE performance. The next focus is on the feasi-
bility of printing on different substrates such as PI, cellulose,
nylon, and PVDF films. We printed the same p- and n-type
hydrogel pastes on these films with different patterns, where
the printed patterns need to be designed in advance using
engineering software and then imported to the printer. As
seen in Fig. S11,† the hydrogel pastes can be precisely de-
posited on these substrates in triangular, rectangular, circular,
curve, and other polygonal shapes, which shows the potential
to fabricate various f-TEGs using different structures. Fig. S12†
exhibits the printed f-TEGs with the bend, folded, and rolled
state, demonstrating excellent flexibility and mechanical
strength. Except for the flexibility, another advantage is that
the different morphological f-TEGs can be achieved by com-
bining the design of printed arrays with different structural
substrates, as depicted in Fig. S12c–S12e.† To evaluate the TE

Fig. 3 Seebeck coefficient, electrical conductivity, and power factor of the (a) AgxTe and (b) CuyTe as a function of nominal molar ratio. Seebeck
coefficient, electrical conductivity, and power factor of the (c) AgxTe and (d) CuyTe as a function of the CCN content. (e) Schematic of the printed
f-TEG based on the p- and n-type hydrogel pastes. (f ) Schematic illustration showing the pressing process of the f-TEG. The SEM images of (g)
n-type Ag4Te and (h) p-type Cu1.5Te legs. The SEM images of (i) n-type Ag4Te and ( j) p-type Cu1.5Te legs after pressing. (k) The electrical conductivity
of the printed thermoelectric legs. (l) The Seebeck coefficient of the printed thermoelectric legs.
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performance, the electrical conductivity and Seebeck coeffi-
cient of the p- and n-type legs were measured, as shown in
Fig. 3k and l, respectively. The pressed n- and p-type TE legs
exhibit excellent electrical conductivity of ∼145.1 and 734.6 S
cm−1, respectively, which is 4 times higher than that of the
unpressed legs (Fig. 3k). The electrical conductivity of our
thermoelectric legs is higher than that of previous reports
(Table S1†). The amount of insulating organic in our work is
60% less than previous researches so as to achieve relatively
high conductivity. It is worth noting that the electrical conduc-
tivity of the pressed TE legs only yielded a decrease of <3%
compared to the pure NR films, demonstrating the capability
of the hydrogel-based printing strategy to maintain the electri-
cal properties of the TE legs because of the high 97.5 wt%
ratio of inorganic NRs in the composite legs. Except for the
electrical conductivity, the Seebeck coefficient of the pressed
TE legs is only 5% lower than that of the pure NR films
(−78.1 μV K−1, 28.1 μV K−1 respectively) (Fig. 3l), and this
difference may also be caused by the testing accuracy of the
instrument.

Further, we tested and calculated the output voltage,
current, and the output power of the printed f-TEGs composed
of different TE couples as a function of temperature differ-
ences (Fig. 4). As shown in Fig. 4a, the increasing output

voltage is proportional to the TE couples when the temperature
differences are 10, 30, and 50 K, manifesting that a higher
voltage can be achieved further by increasing the TE couples
and temperature gradient. Similarly, the experimental voltage
increases as the temperature difference (Fig. 4b), which is
fitted to a linear relationship through the red curve. The opti-
mized open-circuit voltage is ∼500 mV at a temperature differ-
ence of 70 K when the TE couple is 70, which outperforms pre-
viously reported f-TEGs.4,6,7,26 In addition, we investigated the
thermal reliability and stability in Fig. 4c and d. The constant
open-circuit voltage is ∼11, ∼29, and ∼48 mV during the con-
tinuous temperature cycle when the temperature gradients are
10, 30, and 50 K, respectively, demonstrating a stable value
across each TE couple for each working cycle (Fig. 4c). To
evaluate the mechanical compliance, the resistance value of
the f-TEG with 10 TE couples during cyclic bending is shown
in Fig. 4d where the bending frequency is 16 s each time. The
decline in the conductivity is less than 24% after 2000 s of
bending cycles with a 1.5 mm radius of curvature. Fig. 4e
shows the current and output power as a function of the
output voltage at ΔT = 10, 30, and 50 K, respectively. The
voltage-current curves vary linearly with the optimized output
power of 157 nW when the temperature difference at the two
ends is 30 K. When the ΔT is increased to ∼50 K, the

Fig. 4 (a) The generated voltage as a function of TE couples when the temperature gradient is 10, 30, and 50 K. (b) Open-circuit voltage as a func-
tion of temperature difference at N = 10, 40, and 70. (c) Open-circuit voltage at various ΔT, where the N is 10. (d) Resistance value of the printed
f-TEG with 10 TE couples during 2000 s of bending cycles. Radius of curvature is 1.5 mm and the frequency is 7 s each time. (e) Current and output
power of the f-TEG composed of 10 couples as a function of voltage at ΔT = 10, 30, and 50 K, respectively. (f ) Power density of the f-TEG composed
of 10 couples at various temperature gradients. (g) Load voltage and current in the closed circuit with optimized resistance, where the couple of
f-TEG is 10 and the ΔT is 10 K. (h) Output power of the f-TEG with 10 couples of legs at ΔT = 10 K.
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maximum output power of 378 nW is observed. The maximum
power density as a function of temperature gradients can be
calculated using the following equation44

Pdensity¼ Pmax

N� A ¼ S2� σ
4l

� ΔT2 ð1Þ

where Pmax represents the maximum output power, N, and A
represent the number and crosssectional area of the TE legs,
respectively. As shown in Fig. 4f, the maximum power den-
sities of the f-TEG are 0.081, 0.282, 0.534, 0.859, and 1.278
W m−2 when the ΔT increases from 10 to 50 K, where the
experimental data conform to the quadratic fitting relation-
ship. These results indicate that the printed f-TEGs can gene-
rate a high output with the fully mechanized process, which is
favorable for harvesting waste heat from various curved sur-
faces. To prove that the f-TEG can continuously power output
with an optimized resistance load, hourly tests of up to 75 h
were implemented (Fig. 4g and h). The stable load voltage,
current, and output power all demonstrated that the f-TEG
with an optimized resistance load can output power continu-
ously and stably under long-term operating conditions.
Further, the operating stability under a large temperature
difference or a high humidity needs to be verified because of
the presence of CCN. As the humidity increases, the output
voltage and current in the circuit remain generally stable
despite slight fluctuations (<6% and <3%, respectively)
(Fig. S13a†), and the output power only produces ∼10%
reduction even if the humidity increases from 60% to 95%
(Fig. S13b†), which is mainly attributed to the low CCN
content and the dense structure of the TE legs for preventing
CCN from absorbing water from the surrounding area. In
addition, the f-TEG showed no observable degradation in the
output voltage and current during continuous testing for up to
110 h when the temperature difference and the humidity were
50 K and 95%, respectively (Fig. S13c†). Based on these test
results, we can infer that the f-TEG can remain stable during
several months of operation.

Conclusion

In this study, the p- and n-type hydrogel pastes were devel-
oped and used as printing inks for fabricating the high-per-
formance f-TEG. The high viscosity of the printing pastes
was achieved by physically crosslinking the CCNs and entan-
gling the molecular chains with a high aspect ratio, there-
fore realizing the confinement on the fluidity of the CuyTe
and AgxTe NR dispersions. Owing to the rational design of
the hydrogel pastes, the printed f-TEGs can be stably de-
posited on a variety of substrates in multifarious configur-
ations, proving their potential usability in integrating diver-
sified f-TEGs. The f-TEG consisting of 70 TE couples can
generate a voltage of ∼500 mV at a temperature difference of
70 K, and the specific power density is up to 1.278 W m−2 at
ΔT = 50 K. This work demonstrates that the printed f-TEGs
can effectively convert the waste heat into useful electricity,

which will help advance the wearable f-TEGs and even flex-
ible electronics.
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