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Molecular Doped Biodegradable Triboelectric
Nanogenerator with Optimal Output Performance

Cong Li, Ruizeng Luo, Yuan Bai, Jiajia Shao, Jianying Ji, Engui Wang, Zhe Li,
Hongyu Meng,* and Zhou Li*

Biodegradable polymers (BPs)-based triboelectric nanogenerators (TENGs)
have advantages, including biocompatibility and biodegradability. However,
biodegradable TENGs (BD-TENGs) possess relatively low output
performance, limiting their application due to the small differences in
triboelectric polarities for most BPs. Molecular doping is a simple and
effective method in altering the triboelectric polarity of triboelectric materials
and improving the output performance of BD-TENGs. However, there is a lack
of laws and mechanism about the differences in triboelectric polarities of
different doped molecules, especially of molecules with biodegradability and
biocompatibility. Here, kinds of doping molecules are selected for doping in
tribopositive and tribonegative materials, respectively, and their triboelectric
polarities and related laws are researched. In particular, the output
performance of BD-TENG is improved several times by doping small amounts
of poly (propylene glycol) (PPG) and ethyl cellulose (EC), with enhanced
resolution in abnormal respiratory signal monitoring. This work not only
provides theoretical guidance for the selection of triboelectric molecules but
also conducts in-depth research in molecular-level triboelectric mechanisms.
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1. Introduction

Triboelectric nanogenerators (TENGs) can
convert irregular mechanical energy into
electricity based on the coupling effects
of triboelectrification and electrostatic in-
duction, serving broad applications in en-
ergy harvesting and sensing.[1] Specifically,
biodegradable triboelectric nanogenerators
(BD-TENGs) exhibit characteristics such as
biocompatibility, biodegradability, or envi-
ronmental friendliness because they can
be degraded in the natural environment
or absorbed or metabolized by the human
body.[2] Biodegradable triboelectric poly-
mers (BTPs) are the foundational materials
for the fabrication of triboelectric layers in
BD-TENGs.[3] Compared with some com-
mon non-BTPs (such as nylon and PTFE)[4]

with the large difference in triboelectric po-
larities, different kinds of BTPs (includ-
ing polysaccharides, proteins, or polyesters,
et al.) exhibit similar and tribopositive

polarities due to their functional groups tend to have electron-
donating (ED) ability.[5] The similarity in triboelectric polarity
leads to the limited performances in the electrical output of BD-
TENGs based on BTPs.

Enhancing the output performance of BD-TENGs is crucial for
breaking through their application barriers. Methods to improve
the output performance encompass the selection, surface modi-
fication, or doping of triboelectric materials, structure optimiza-
tion, and electrode optimization.[6] Among them, molecular dop-
ing of triboelectric materials is a simple and practical approach to
improve the output performance. The mechanism of molecular
doping is introducing molecules with greater triboelectric polari-
ties into tribopositive and tribonegative layers, respectively, to in-
crease their triboelectric polarities difference. There are some re-
ports about molecular doping of BD-TENGs,[6c,7] but few studies
compare the difference in triboelectric polarity of various doped
molecules and explain related mechanisms, especially regarding
biocompatible or biodegradable molecules.

Here, we selected eight biocompatible doping molecules for
tribopositive and tribonegative materials, respectively, consider-
ing their biocompatibility, biodegradability, chemical group or el-
ement characteristics, and triboelectric polarity. The changes in
triboelectric polarity after doping and related mechanisms were
studied in depth. In particular, the open circuit voltage (Voc),
short circuit current (Isc), and transfer charge (Qsc) of the doped
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Figure 1. Schematic illustration of DBD-TENG and its application in respiratory signal monitoring.

BD-TENG (DBD-TENG) were enhanced by 2.73, 2.60, and 2.44
times, respectively, after doping small amounts of poly(propylene
glycol) (PPG) and ethyl cellulose (EC) with low molecular
weight into tribopositive and tribonegative biodegradable poly-
mers (BPs). The DBD-TENG showed a significant improve-
ment in the resolution of abnormal respiratory signal monitor-
ing (Figure 1 and Figure 6). This work not only provides theo-
retical guidance for the selection of biocompatible triboelectric
molecules but also conducts in-depth research in molecular-level
triboelectric mechanisms.

2. Results and Discussion

2.1. The Selection of BTPs

We selected four types of BPs with good flexibility, mechanical
properties, and biodegradability as candidate BTPs before dop-
ing, including polyethylene oxide (PEO), hydroxypropyl cellu-
lose (HPC), polylactic acid (PLA), and polycaprolactone (PCL)
(Figure 2a; Figures S1 and S2, Supporting Information), and
then sorted their triboelectric polarities. These four BTPs signif-
icantly differ in the types of main- or side-chain chemical groups
or group density. Therefore, they are expected to possess obvi-
ous distinctions in triboelectric polarity when used as triboelec-
tric layers of BD-TENG. According to the triboelectric perfor-
mance based on the comparison of Voc, Isc, and Qsc, the order
of four BTPs in triboelectric polarities (from positive to nega-
tive) is PEO (20.24 nC), HPC (19.32 nC), PLA (15.05 nC), and
PCL (12.73 nC) (Figure 2b–d). For PEO, because of the repeat-
ing oxyethylene group ([─CH2CH2O─]n) with strong ED ability
on the main chain, PEO is considered to possess strong pos-
itive polarity, even higher than common tribopositive polymer
polyamide.[6a] The PEO film was tested to have the highest posi-
tive polarity in this work. HPC is the cellulose derivative with hy-
droxypropylated side chains. Its main chain contains abundant
repeating glycosidic bonds, which have a similar structure and
triboelectric polarity as the ([─CH2CH2O─]n) in PEO, but more
alkane proportions in its repeating units. In addition, its plenti-

ful [─CH2CH(CH3)O─]n side-chain groups also show prominent
positive polarity. The test results show that the triboelectric pos-
itive polarity of HPC is second only to PEO, which is attributed
to the relatively high proportion of alkanes in its repeating units.
PLA and PCL belong to poly (𝛼-esters) with abundant main-chain
ester bonds. According to the results, the positive polarities of
PLA and PCL are weaker than those of PEO and HPC containing
repeating ether bonds.[8] In comparison, PLA has stronger pos-
itive polarity than PCL due to its higher ester group proportion
but lower alkane proportion in the main chain of molecules.[9]

We inferred that the strength of the triboelectric positive polarity
or the ED ability of different groups follows the order ether group
> ester group > alkane group. So, we selected PEO and PCL as
the tribopositive and tribonegative layers of DBD-TENG for the
following research.

2.2. The Selection and Properties of Doping Molecules

We select eight doping molecules with potential triboelectric pos-
itive polarity, including spermidine (SPD, with amine groups
(─NH2)), 1,1-Dimethylguanidine (DMG, with guanidino groups
(─CN3H4)), citric acid (CA, with carboxyl groups (─COOH)),
sodium citrate (SC, with carboxylate groups (─COO−)), glycerol
and D-mannitol (with hydroxyl groups (─OH)), and poly (ethy-
lene glycol) (PEG) and PPG (with polyether groups) with low av-
erage molecular weight (Mw) (Figure 3a). Most of the eight or-
ganic molecules are foods or food additives with biocompatibility
and absorbability, and DMG, PEG, or PPG can be used as phar-
maceutical or cosmetic ingredients. Their chemical groups have
been reported to possess potential desirable positive polarity.[5,10]

Compared with pure PEO film, the triboelectric positive polari-
ties of the PEO/molecule composite films doping 10 wt% of the
eight molecules (see FTIR spectra of Figure S3a,b, Supporting In-
formation), respectively, are all enhanced. The surface morphol-
ogy of most PEO/molecule composite films does not change sig-
nificantly (SEM images of Figure S5, Supporting Information),
except for PEO/DMG and PEO/CA films, which is speculated
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Figure 2. a) Molecular structure of four BPs, PEO, HPC, PLA, and PCL. The output results of four BTPs contacting with PTFE, including b) Voc, c) Isc,
and d) Qsc.

Figure 3. Molecular structure of doping molecules for a) PEO and b) PCL film. The ranking of the Qsc of c) PEO/molecule and d) PCL/molecule
composite films.
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due to the relatively low solubility of DMG and CA in water.
The introduction of doping molecules leads to varying degrees
of increase or decrease in the maximum tensile stress of the
PEO film, but all films maintain excellent integrity (Figure S4a,
Supporting Information). According to the enhancement effect,
we infer that the order of these doping molecules in ED ability
(from strong to weak) is PPG, PEG, D-mannitol, glycerol, SC,
CA, DMG, and SPD (Figure 3c). Polymers with polyether groups
are demonstrated to possess more optimal ED and triboelectric
positive abilities,[5] which also applies to PPG and PEG with
lower molecular weight in this work. After doping, PEO/PPG
and PEO/PEG composite films exhibit the most positive polar-
ities among the eight PEO-based composite films. Compared
with PEO/PEG film, PEO/PPG film shows higher positive po-
larity because the side-chain methyl groups (─CH3) of PPG tend
to enhance the ED ability of the molecule.[11] PEO/D-mannitol
and PEO/glycerol composite films also exhibit great triboelec-
tric positive ability, second only to PEO/PPG and PEO/PEG,
because D-mannitol and glycerol molecules possess abundant
─OH groups with good ED ability.[12] The triboelectric positive
polarities of PEO/SC, PEO/CA, PEO/DMG, and PEO/SPD com-
posite films are improved to varying degrees compared with
the pure PEO film, which is attributed to the good ED abil-
ity of ─COO−, ─COOH, ─CN3H4 and ─NH2 of these doping
molecules. Wherein PEO/SC exhibits higher positive polarity
than PEO/CA due to ─COO− of the SC molecule being rela-
tively prone to losing electrons and becoming ─COOH, show-
ing stronger ED ability. PEO/DMG exhibits higher triboelectric
positive polarity than PEO/SPD because the DMG molecule has
a higher amino group ratio than the SPD molecule.[13] More-
over, although PEO/D-mannitol and PEO/glycerol films exhibit
higher triboelectric positive polarity than PEO/SC, PEO/CA,
PEO/DMG, and PEO/SPD, it cannot directly prove that ─OH
(in D-mannitol or glycerol molecules) has stronger ED abil-
ity than ─COO−, ─COOH, or ─NH2,[5,13] because ─OH has a
higher proportion in D-mannitol or glycerol molecules. Conse-
quently, we selected the PEO/PPG composite film, exhibiting
the highest positive polarity, as the tribopositive material for
DBD-TENG.

We also select eight doping molecules (Figure 3b) with poten-
tial triboelectric negative polarity, which include MXene (Ti3C2Tx,
2D material with F element), reduced graphene oxide (rGO,
2D material), sodium chloride (NaCl, with chloride ion (Cl−)),
sodium fluoride (NaF, with fluoride ion (F−)), oleic acid (OA,
with a long alkane chain), perfluorodecalin (PFD, with 18 fluo-
rine atoms (-F)), sucralose (with 3 chlorine atoms (-Cl)), and EC
with low molecular weight (with side-chain ─OCH2CH2 groups).
These eight molecules exhibit good biocompatibility within a spe-
cific doping range. Specifically, 2D materials MXene and rGO
have been researched in biomedical applications.[14] NaCl and
NaF are inorganic salts. NaCl is the main component of physi-
ological saline, and NaF is a micro additive in toothpaste that can
promote enamel remineralization.[15] PFD is a non-toxic ingre-
dient of artificial blood that the human body can excrete.[16] OA
and sucralose are food ingredients, and EC is a non-toxic cellu-
lose derivative. The negative polarities of PCL/molecule compos-
ite films are enhanced to varying degrees after doping 10 wt%
of the above eight molecules in PCL (see FTIR spectra of Figure
S3c, Supporting Information). Due to the poor solubility of three

doping molecules in 1,1,1,3,3,3-Hexafluoro-2-propanol, the bot-
tom flatness of PCL/NaCl, PCL/NaF, and PCL/sucralose com-
posite films is slightly affected, while the others exhibit no ob-
vious changes according to SEM images in Figure S6 (Support-
ing Information). Additionally, compared with PCL, the max-
imum tensile stress of PCL/EC composite film is slightly in-
creased, whereas other PCL/molecule composite films are de-
creased moderately (Figure S4b, Supporting Information). Ac-
cording to the results, the order of PCL/molecule composite
films in electron-withdrawing (EW) ability (from strong to weak)
is PCL/EC, PCL/sucralose, PCL/MXene, PCL/NaF, PCL/rGO,
PCL/NaCl, PCL/OA, and PCL/PFD (Figure 3d). PCL/EC com-
posite film exhibits the strongest negative polarity because each
unit of EC contains more than one side-chain -OCH2CH3, and
-OCH2CH3 possesses a good EW inductive effect, significantly
enhancing the triboelectric negative ability of the PCL layer.[5]

The sucralose molecule contains three -Cl atoms, and -Cl atoms
endow the sucralose molecule with high EW ability,[11] result-
ing in great negative polarity for PCL/sucralose composite film,
second only to PCL/EC film. For 2D material MXene, some
of the T atoms refer to F elements (EDS spectrum of Figure
S6f, Supporting Information). With its electron-trapping ability
of multi-layered 2D structures, PCL/MXene composite film ob-
tains a significantly enhanced negative ability compared with
pure PCL film.[17] Similarly, 2D material rGO also possesses the
electron-trapping ability, leading to increased negative polarity of
PCL/rGO composite film.[7b] In this work, the doping content of
rGO in PCL is relatively low (1 wt%), resulting in a weaker nega-
tive polarity than that of PCL/MXene. With the further increased
doping content of rGO, the negative polarity of PCL/rGO com-
posite film is anticipated to improve further. However, the large
quantity, due to its tiny density (<0.10 g cm−3) of more rGO,
caused the deterioration in the morphological integrity and me-
chanical performance of PCL/rGO film (Figure S7, Supporting
Information). Therefore, we determined the doping content of
rGO to be 1 wt%. Inorganic salts NaF and NaCl are reported to
have high electron affinity,[18] which improves EW ability, result-
ing in more negative polarities for PCL/NaF or PCL/NaCl than
pure PCL film. PCL/OA composite film also shows a certain en-
hancement in negative polarity because the long-chain alkane in
the OA molecule has stronger EW abilities than groups in those
negative doping molecules.[6c] In addition, unsaturated groups
(─CH═CH─) in OA also exhibit stronger electron affinity than
saturated groups (─CH2─CH2─).[11] Even so, the improvement
in EW ability or negative polarity of OA on PCL composite film
is weaker than that of electron capture agents, inorganic salts,
or organics containing halogens. The PFD molecule contains
18 -F atoms and can be well dispersed with PCL. Therefore, it
is expected to significantly enhance the negative polarity of the
PCL film when doped. However, most PFD was apt to evapo-
rate during the film formation,[16] leaving little in the compos-
ite film, as shown in the EDS image (Figure S6a, Supporting
Information), leading to PCL/PFD film achieving minimal im-
provement in ED ability and negative polarity. Therefore, we se-
lected the PCL/EC composite film, which revealed maximum im-
provement in negative polarity, as the tribonegative material for
DBD-TENG.

We tested the molecular doping content (PPG or EC) for
the optimal triboelectric output performance (Figure 4a,b).
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Figure 4. The influence of molecular doping content on the Qsc of composite films, including a) PPG, b) EC, c) PEG, and d) sucralose. Triboelectric
output results of PEO-PCL and HPC-PLA triboelectric pairs before and after doping on the first day, including e) Voc, f) Isc, and g) Qsc. h) The triboelectric
series of four BTPs and four composite films.

Compared with pure PEO or PCL film, the triboelectric polarity
of composite films (FTIR spectra of Figure S8, Supporting In-
formation) improves within the range of 2–100 wt% doping con-
tent. When the doping content in PEO/PPG or PCL/EC compos-
ite film reaches 10 wt%, composite films obtain the maximum
output results without obvious influence on their mechanical
properties (Figure S9, Supporting Information). When the dop-
ing content is less than 10 wt%, the tested Qsc of composite films
gradually increases as the triboelectric polarity enhances. Theo-
retically, the triboelectric polarity (or Qsc) of composite films will
be further improved as the doping content increases. However,
the surface flatness of composite films is seriously damaged due
to the phase separation of two different molecules when the dop-
ing content reaches more than 10 wt% (SEM images of Figure
S10, Supporting Information). This reduces the actual contact
area between triboelectric layers and the charge transfer effi-
ciency during contact separation, thus causing Qsc to decrease.[19]

Moreover, the phase separation of the doping molecule and poly-
mer matrix generates gaps in the interfaces of composite films
during the dynamic operation. The high resistance caused by the

gaps affects the electrical transmission of composite films, result-
ing in lower triboelectric output.[20] The same rule also applies to
other doping molecules, such as PEG and sucralose (Figure 4c,d).
Based on the results, PEO/PPG and PCL/EC composite films
with 10 wt% doping content were chosen as tribopositive and
tribonegative materials for DBD-TENG. The Voc, Isc, and Qsc of
the PEO-PCL pair are enhanced by 2.73, 2.60, and 2.44 times to
25.13 V, 252.10 nA, and 4.10 nC respectively after doping. 10 wt%
PPG and 10 wt% EC were also doped into HPC and PLA, re-
spectively, to prove that the output performance improvement
brought about by doping applies to more polymer matrixes. The
HPC-PLA pair modified by molecular doping generates a 3.24,
2.60, and 1.96-times enhancement on the Voc, Isc, and Qsc to
9.23 V, 154.60 nA, and 2.17 nC, respectively. The triboelectric
output results for five consecutive days (Figure S11, Tables S2
and S3, Supporting Information) exhibit that molecular doping
enables a stable improved output, and the output signals mea-
sured on the first day are shown in Figure 4e–g. The positions of
four composite films in the triboelectric series are illustrated in
Figure 4h.
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Figure 5. Structural design, working principle, and output performance of DBD-TENG. a) Schematic illustration of DBD-TENG. b) The working mecha-
nism of DBD-TENG in a complete CS cycle, including i) fully contact, ii) gradually separated, iii) fully released, and iv) gradually approaching. The output
results of DBD-TENG, including c) Voc, d) Isc, and e) Qsc. Frequency-response characteristics of DBD-TENG under loading frequencies from 1 to 5 Hz,
including f) Voc, g) Isc, and h) Qsc. The variation of i) peak voltage, peak current, and j) peak power density of DBD-TENG with different external load
resistance. k) The stability test of DBD-TENG under continuous operation for 6000 cycles.

2.3. Preparation and Output Characterization of DBD-TENG

The as-prepared DBD-TENG has a multi-layered structure: poly
(trimethylene carbonate) (PTMC) encapsulation layer, magne-
sium (Mg) electrode, PEO/PPG tribopositive layer, and PCL/EC
tribonegative layer (Figure 5a), with a device size of 2.5 cm ×
2.5 cm × 1.45 mm (Figure S12a,b, Supporting Information).
The device is highly flexible and can be bent arbitrarily (see
Figure S12c, Supporting Information). The working mechanism
of DBD-TENG is schematically illustrated in Figure 5b, which
operates in vertical contact-separation (CS) mode. At the orig-
inal state, as PEO/PPG is far from PCL/EC, both triboelectric
layers are charge-balanced without generating output signals.
i) As an external force is applied on DBD-TENG, the tribo-
electric layer surfaces contact and rub with each other, making
PEO/PPG positively charged and PCL/EC negatively charged be-
cause of their different triboelectric polarities. ii) Subsequently,
when PEO/PPG is gradually separated from PCL/EC, a potential
difference is generated between two triboelectric layers to drive
the flow of electrons in the external circuit until iii) reaches an
equilibrium when two triboelectric layers are fully released. iv)
As an external force is applied to the device again, the electrons
flow reversely to reach a new equilibrium. Therefore, alternating
current is generated during periodic contact and separation.

The output performance of DBD-TENG was characterized
(Figure 5c–e), obtaining a Voc of 6.30 V, an Isc of 72.05 nA, and a
Qsc of 2.12 nC. The dependence of the device output on the vibra-
tion frequency is shown in Figure 5f–h. Under the low-frequency

range (1–5 Hz), the Voc increases from 6.28 to 10.10 V, Isc from
72.05 to 302.66 nA, and Qsc from 2.12 to 3.63 nC. Different re-
sistances will affect the peak voltage and current of DBD-TENG
(Figure 5i). As load resistance increases to several mega ohms,
the peak current decreases while the peak voltage rises rapidly.
When the load resistance reaches several thousand mega ohms,
the peak current reduces to a relatively stable state. The maxi-
mum peak power density of 2.25 μW m−2 is obtained at ≈120 MΩ
(Figure 5j). After 6000 cycles of contact separation, the voltage
output of the device remains stable at ≈6.30 V (100% of the ini-
tial value) (Figure 5k), demonstrating excellent stability.

2.4. Respiratory Monitoring and Sensing

Respiratory characteristics (including respiratory rate and depth)
are vital for assessing human physical state.[21] The as-prepared
DBD-TENG is a flexible transient wearable respiratory sensor
to monitor breath signals. Sensitivity is a paramount parame-
ter in sensor performance, denoting the sensor’s responsiveness
to tiny variations in the parameter under examination (the res-
piratory signals in this study), which is reflected in differences
within the output signals.[22] The DBD-TENG and PEO@PCL-
TENG were fixed on the volunteer’s abdomen, yielding oscilla-
tory signals (Figure 6a). A complete breathing cycle encompasses
inhalation and exhalation phases.[23] Due to the diaphragm mus-
cle’s contraction and expansion, a positive Voc signal is generated
during inhalation because the volume of the abdomen increases

Adv. Funct. Mater. 2024, 2400277 © 2024 Wiley-VCH GmbH2400277 (6 of 11)
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Figure 6. Respiratory signal monitoring. a) Schematic diagram of the respiratory monitoring system. b) One complete respiratory waveform containing
the process of inhalation and exhalation. c) Normalized output voltage response to a wide range of pressure (0–40 kPa). Real-time voltage signals of
different respiratory states, including breath holding, shallow, normal, deep, and fast, monitored from d) PEO@PCL-TENG and e) DBD-TENG. Real-time
voltage signals under different sleep respiratory states, including f) normal, g) hypopnea, and h) apnea signals monitored from PEO@PCL-TENG, and
i) normal, j) hypopnea, and k) apnea signals monitored from DBD-TENG.

to contact the device. In reverse, a negative Voc signal is produced
during exhalation because the volume of the abdomen decreases
to release the device (Figure 6b). The pressure sensitivity of two
devices was tested, which is defined as the slope of normalized
voltage versus pressure curve, i.e.,

S =
d (∇V∕V)

dP
(1)

Here, the ∇V is the relative change in voltage, the V is the satu-
ration voltage, and the P is the applied pressure. Within the pres-
sure of 40 kPa, the normalized voltage shows an almost linear
relationship, with a sensitivity of 0.03 k Pa−1 for DBD-TENG and
0.01 k Pa−1 for PEO@PCL-TENG (Figure 6c). The enhanced sen-
sitivity of DBD-TENG is attributed to enlarging the polarity dif-
ference between PEO and PCL triboelectric materials due to the
doping of PPG and EC.

Figure 6d,e depicts the real-time signal diagrams in four
breathing patterns of the volunteer monitored by two devices,
including breath holding, shallow, deep, and fast, indicating
that both devices can distinguish the differences in various
breathing states through electrical signals. Under normal cir-
cumstances, the breath rate of an adult, on average, is 12 to 20

breaths per minute, corresponding to a respiratory frequency
between 0.2 and 0.33 Hz.[24] Specifically, there is no fluctuation
in the chest and abdomen during the breath-holding state, and
neither device produces an output signal. The frequencies in
shallow, normal, and deep breathing states are 0.3 Hz, while
rapid breathing is 0.55 Hz. The Voc of shallow, normal, deep,
and fast breathing obtained by DBD-TENG are 0.66, 2.51, 4.94,
and 2.85 V, respectively. PEO@PCL-TENG yields corresponding
values of 0.52, 0.75, 1.78, and 0.84 V. In comparison, DBD-
TENG exhibits higher signal outputs and distinct signal differ-
ences, facilitating accurate differentiation of various respiratory
states.

The DBD-TENG was further developed to monitor different
symptoms of obstructive sleep apnea-hypopnea syndrome (OS-
AHS). Patients with severe OSAHS snore irregularly during
sleep, accompanied by repeated respiratory pauses and awaken-
ings. Therefore, wearing sensitive sensors to monitor abnormal
respiratory events is crucial for patients. To generate respiratory
signals, the volunteer controlled breathing to simulate the hy-
popnea and apnea of OSAHS patients. Obstructive apnea is a
reduction in airflow by more than 90% (even a complete cessa-
tion) for at least 10 s. Similarly, hypopnea is a minimum 50%
decrease of amplitude in the thoracoabdominal movement for at
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least 10 s, followed by a ≥4% fall in oxyhemoglobin saturation.[25]

The electrical signals of three typical breathing states were mea-
sured using PEO@PCL-TENG and DBD-TENG (Figure 6f–k).
The signal under normal state (0.3 Hz) is relatively regular (see
Figure 6f,i), yet the signal output of DBD-TENG (2.05 V) is sig-
nificantly higher than that of PEO@PCL-TENG (0.55 V). The oc-
currence of obstructive respiratory events is accompanied by a
reduction or disappearance of amplitude lasting 25 to 30 s (see
Figure 6g,h,j,k). During hypopnea, the respiratory signal output
of DBD-TENG decreases from 2.30 to 0.87 V, representing an
≈62% reduction in amplitude. Furthermore, the respiratory sig-
nal drops by 98% to 0.94 V during apnea. Although the respira-
tory signal measured by PEO@PCL-TENG decreases to a similar
extent as that of DBD-TENG (the hypopnea and apnea states are
reduced by 54% and 94%, respectively), the initial signal output is
lower (only 0.50 V), leading to the signal difference before and af-
ter abnormal respiratory events less obvious. Consequently, due
to the higher output performance, DBD-TENG exhibits a more
noticeable signal difference in the context of OSAHS, resulting
in excellent monitoring sensitivity.

2.5. Degradability and Biocompatibility

PEO and PCL are widely recognized biocompatible BPs. To in-
vestigate the in vitro degradation performance of PEO/10 wt%
PPG and PCL/10 wt% EC composite films, a DBD-TENG de-
vice (1.5 cm × 1.5 cm) was immersed in a constant temperature
phosphate buffer saline (37 °C, 1× PBS) (Figure 7a) for 300 days.
Within the first three months (90 days), the device underwent a
long period that appeared stable and unchanged, with only a grad-
ual disappearance of the encapsulation layer’s edge. However, the
sealed cavity formed by the encapsulation layer still protected the
internal structure from the external environment. After 90 days,
the encapsulation layer was destroyed, and PBS infiltrated the
inner layers. The whole structure degraded together, accelerating
the overall degradation rate.

The evaluation of cellular response and the fundamental un-
derstanding of in vivo degradation phenomena play a crucial
role in designing and developing implantable, biodegradable
devices.[2] The biocompatibility of composite triboelectric mate-
rials, PEO/10 wt% PPG, and PCL/10 wt% EC films was evalu-
ated through CCK-8 assay and cell viability/cytotoxicity testing
experiments (Figure 7b,c; Figures S14 and S15, Supporting In-
formation). The results indicated that neither composite materi-
als affect the activity of NIH3T3 cells or cell proliferation, which
suggests that both PEO/10 wt% PPG and PCL/10 wt% EC com-
posite materials exhibit excellent biocompatibility. To compre-
hend the in vivo degradation behavior of DBD-TENG, we im-
planted the device (1.5 cm × 1.5 cm) in the subdermal dor-
sal region of a Sprague-Dawley (SD) rat (Figure 7d). The low
Young’s modulus of the flexible device (61.29 ± 2.20 MPa) en-
abled it to conform closely to the skin tissue without mechan-
ical mismatch problems (Figure S13, Supporting Information).
In the initial stage, the device rapidly degraded from the edge.
The edge of the encapsulation layer completely disappeared after
7 days of implantation, which caused the exposure of the inter-
nal structure to the body fluid and accelerated degradation. Af-
ter 30 days, the entire device exhibited a noticeable reduction in

volume with the serrated edge. By 90 days, further degradation
was observed. The degradation rate of the device in vivo is ob-
viously faster than in vitro, presumably due to the joint effect of
the body fluid and lipase that accelerates degradation (Figure 7g).
The DBD-TENG was implanted into the chest of the rat. As the
implanted device was driven by a slight external force and res-
piratory movement of the resting-state rat, respectively, the Voc
outputs of ≈1.10 V and ≈50 mV (Figure 7e,f) were obtained,
indicating the ability to harvest mechanical energy in vivo of
DBD-TENG.

3. Conclusion

In conclusion, the triboelectric polarities of the tribopositive PEO
and tribonegative PCL materials can be further improved by dop-
ing chosen biocompatible molecules. We thoroughly compared
the triboelectric polarity of the composite films and correspond-
ing doping molecules and researched related mechanisms. The
DBD-TENG based on PEO/PPG and PCL/EC composite films
demonstrated an ≈2.5 times improvement in the output perfor-
mance (Voc, Isc, and Qsc), and its resolution in abnormal respira-
tory signal monitoring was significantly enhanced. This work not
only provides theoretical guidance for the selection of biocompat-
ible triboelectric molecules but also conducts in-depth research
in molecular-level triboelectric mechanisms.

4. Experimental Section
BTPs, Doping Molecules, and Solvents: Polyethylene oxide (PEO, Mv

≈100000), polycaprolactone (PCL, Mv ≈60000), and trichloromethane
(TCM, AR, ≥99.0%) were purchased from Sigma–Aldrich. Hydroxypropyl
cellulose (HPC, Mw ≈100000), polylactic acid (PLA), poly (trimethylene
carbonate) (PTMC, Mv ≈50000), spermidine (SPD, 99%), citric acid (CA,
AR), sodium citrate (SC), oleic acid (OA, 85%), ethyl cellulose (EC,
Mr ≈448.47), and 1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP, 99.5%) were
purchased from Aladdin. 1,1-Dimethylguanidine (DMG, ≥95%), glycerol
(99.5%), reduced graphene oxide (rGO, SE1233, < 0.10 g cm−3, 5–
10 μm, ≥97%), and MXene (Ti3C2Tx, 2–5 μm, 3.43 g cm−3, 99 wt%) mul-
tilayer nanoflake were purchased from Macklin. D-mannitol (99.9+%),
poly (ethylene glycol) (PEG, Mn ≈400), poly(propylene glycol) (PPG, Mn
≈400), perfluorodecalin (PFD, 98%), sodium chloride (NaCl, AR, 99.5%,
2.17 g cm−3), sodium fluoride (NaF, 99%, 2.56 g cm−3), and sucralose
(98%) were purchased from Innochem.

The Preparation of Films: The films were prepared by a simple one-step
dissolution method. The pure films (PEO, PCL, HPC, and PLA) and encap-
sulation layers (PTMC) were made by dissolving 0.50 g of corresponding
solid powder into ≈20 mL solvent, respectively. The composite films were
prepared by adding polymer matrix (PEO, PCL, HPC, and PLA) powder
and doping molecules (SPD, DMG, CA, SC, glycerol, D-mannitol, PEG,
and PPG were doped in tribopositive films, PFD, OA, NaCl, NaF, rGO,
MXene, sucralose, and EC were doped in tribonegative films) into ≈20 mL
solvent. Stir evenly to form a homogeneous solution. After removing the
bubbles by standing for a while, the resulting solutions were poured into
Petri dishes of the same specification (diameter = 6.6 cm). Finally, the thin
films were obtained after drying at 40 °C for 48 h. All films’ solvent and
doping content are listed in Table S1 (Supporting Information) in detail.

The Fabrication of BD-TENG: The as-prepared films were tailored into
a square shape with a dimension of 2.0 cm × 2.0 cm. Then, an electrode
layer was deposited by the sputtering of magnesium (Mg) (General Re-
search Institute of Nonferrous Metals, Beijing, China) on the rough side.
A Mg wire was connected to the electrode. The two triboelectric layers were
fixed together with a spacer of 1 mm set between them. The PTMC films
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Figure 7. Biodegradability and biocompatibility. a) Degradation performance in vitro of DBD-TENG. b) Fluorescence images of stained NIH3T3 cells
and sterilization results of PEO/10 wt% PPG and PCL/10 wt% EC films. c) Viability of NIH3T3 cells after being cultured for 3 days. All data are presented
as the mean ± standard error of mean (n = 4 independent samples). d) Images of the implanted DBD-TENG and the demonstration for location in the
chest region of an SD rat. The Voc outputs of the implanted DBD-TENG driven by e) a slight external force and f) respiratory movement of the resting-
state rat in vivo. g) Micro-CT images of the implanted DBD-TENG (blue area) after 90 days of implantation demonstrate the degree of degradation of
DBD-TENG in vivo.

of proper size were employed as the encapsulation layers of the device
through heat sealing.

Triboelectric Properties: To obtain more accurate results, the doping
content was kept, preparation process, and testing conditions of tribo-
electric films as consistent as possible, including humidity (16% ± 2%),
temperature (22 ± 1 °C), film size of 2.0 cm × 2.0 cm, and film thickness of
110 ± 20 μm. Four BTPs and tribopositive films were in contact with PTFE,
while tribonegative films were with PEO. A linear motor (LinMot E1100)
was used to provide periodic contact separation motion for the electrical
measurement of triboelectric pairs and the contact-separation (CS) BD-
TENG device. The open circuit voltage (Voc), short circuit current (Isc),
and transfer charge (Qsc) of triboelectric pairs were measured through an
electrometer (Keithley 6517B) and recorded by an oscilloscope (Teledyne
LeCroy HD 4096).

Respiratory Signal Monitoring: A device of 2.0 cm × 2.0 cm was fixed
above the navel of the volunteer’s abdomen by a medical bandage. The Mg
wires of the device were connected with an electrometer (Keithley 6517B),
and respiratory signals were recorded by an oscilloscope (Teledyne LeCroy
HD 4096).

Bio-Test: Rat embryonic fibroblasts (NIH3T3) were derived from the
Cell Bank of the Chinese Academy of Sciences in Beijing, China. NIH3T3
cells were cultured in a DMEM high glucose medium containing 10% fetal
bovine serum (FBS) and 1% penicillin/streptomycin at 37 °C and 5% CO2
for the cell viability testing experiment. 10% FBS was replaced by 3% while
other conditions were kept the same for the cell cytotoxicity testing exper-
iment. The material extraction solution was obtained by soaking 100 mg
PEO/PPG film and PCL/EC film in 1 mL medium for three days in the viabil-
ity testing experiment and five days in the cytotoxicity testing experiment,
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respectively. 103 NIH3T3 cells were implanted in 96-well plates. CCK-8 kit
and cell viability/cytotoxicity detection kit were used to detect cell activity
after 24, 48, and 72 h with the material extract in the viability testing ex-
periment and five days in the cytotoxicity testing experiment, respectively.
The in vitro degradability of DBD-TENG was performed in 15 mL 1× PBS
solution in a microbial incubator at 37 °C. The photographs of the device
were obtained by a camera periodically during the degradation. The in vivo
degradability of the device was observed in the subdermal dorsal region of
a male Sprague-Dawley (SD) rat. The procedure strictly followed the “Bei-
jing Administration Rule of Laboratory Animals” and the national stan-
dards of “Laboratory Animal Requirements of Environment and Housing
Facilities (GB14925-2001)”. All the animal experiments were under ethical
approval from the Committee on Ethics of the Beijing Institute of Nanoen-
ergy and Nanosystems. The biodegradation process was tracked by micro-
CT for 90 days. An external force by a slight finger tap on the skin of the
implanted region and respiratory movement of the diaphragm drive the
implanted DBD-TENG to produce Voc outputs. The output property of the
device in vivo was evaluated. The as-generated output signals were mea-
sured by connecting the Mg wires to the electrodes of the oscilloscope.

Other Characterizations: Fourier transform infrared (FTIR) spectra
were obtained using a VERTEX80v spectrometer (Bruker, Karlsruhe, Ger-
many). The scanning electron microscopy (SEM) image was collected us-
ing a Hitachi field emission scanning electron microscope (SU 8020). The
tensile test of films and the device were performed on an ESM301/Mark-
10 system (Mark-10 Company, New York, NY, USA) with a tensile rate of
30 mm min−1. The size of the tensile test samples was 20 mm × 5 mm.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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