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Abstract

Based on the triboelectrification and electrostatic induction, triboelectric
nanogenerators (TENGs) have already expanded many applications ranging from
ambient mechanical energy harvesting to self-powered sensors. Diverse advanced
techniques have been utilized to fabricate various devices to fulfill those applications.
To further develop the wide utilization of TENGs, we introduce 4D printing technology
to fabricate the transparent self-recovered TENGs, which not only provide excellent
self-recoverability of device performance and improve the robustness of device
structure, but also open a path to fabricate complicated structure through computer
design with no need of any molds. The printed devices have the capabilities of
harvesting mechanical energy with maximum output power density of 56 mW/m? as
well as detecting the bending angles of human joints as self-powered sensor. The self-
recoverability is originated from shape memory polymer (SMP) under thermal
treatment. Therefore, the self-recovered TENGs based on 4D printing technology may
offer great potential in energy harvesting and self-powered sensors for human-robot
cooperation in sensing and control of robot in need of sophisticated and precise

structures.
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Highlights

A novel 4D printed TENG was firstly achieved by combination 3D printing
technique and shape memory materials.

The 4D-printed microstructure and whole TENG device has the excellent self-
recover property in short time.

Different working modes of TENGs could be easily fabricated through computer
design.

The 4D- printed TENG could be utilized to harvest mechanical energy and detect

bending angles of human joints as a self-powered sensor.



1. Introduction

Triboelectric nanogenerators (TENGs) have attracted increasing interests for both
scavenging mechanical energy from environment and self-powered systems [1-4].Due
to the coupling effect of triboelectrification and electrostatic induction in different
tribomaterials, TENGs can easily convert mechanical motion into electricity or electric
signals [5-7]. Comparing with other technologies, TENGs have already shown many
advantages, such as easy-fabrication, low-cost, diverse working modes and high power
conversion efficiency, etc [8-10].

In order to harvest energy with high efficiency and generate electric signal from
various detected system, different complex structure of TENG device had been
designed and fabricated with diverse techniques [11-15]. At the same time, to generate
electricity or electric signal, the polymer materials as key constituents in TENG device
must withstand impact and friction with electrodes under external mechanical motions
[16-20]. Unfortunately, those impacts and friction generate severe deformation of
polymer materials which could lead to decrement of device’s output performance.
Therefore, one of obvious obstacles limiting further applications of TENGs is how to
construct complicated structure in TENG device and maintain high performance of the
device [21-23].

In order to facilitate the realization of sophisticated and precise TENG devices,
printing technology has been emerged and shown an improvement in the manufacturing
efficiency. The advanced method has been employed to fabricate complicated structure
and therefore extended to various applications [24-29]. Among those techniques, 3D
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printing method through computer design can directly fabricate complicated structure
with diverse materials without any molds. The utilization of 3D printing technology for
TENGs had been chosen and achieved intriguing results by several groups [30-32].
Wang et al. demonstrated 3D printing technology to provide ultraflexible 3D TENG
which can generate 10.98 W/m? and 0.65 mC/m? under low frequency of 1.3Hz [30].
Baik et al. utilized 3D printer to fabricate a fully-packaged, cylinder-shaped TENG
device which may work under harsh environments to generate output power of 45 mW
[31]. Cellulose aerogel had been employed in 3D-printed TENG as tribomaterials and
the formed 3D micro/nano patterned structure can significantly improve the output
performance of TENG due the increased contact area and surface roughness [32].
However, due to the impact and friction under external mechanical motion, the 3D
printed device might suffer from the degradation or loss of output performance and
even fully damaging of device [24, 26, 27, 30]. Therefore, the robustness and reliability
of 3D printed TENG must be considered for the future applications. However, there has
been limited report on this topic so far.

To maintain or improve the robustness and reliability of TENGs, a variety of feasible
strategies had been utilized including noncontact mode, liquid-solid contact, self-
recovery and rolling structural TENG [22, 33, 34]. In those strategies, self-recovery
TENG based on self-healing and shape-memory materials had shown the capability of
molecular structure repaired to improve long-term serving and reliability of devices
[35-37]. Xu et al. reported a fully self-healing TENG by utilizing a healable polymer

into device which achieved above 95% of initial value after recovery [38]. Lee et al.



demonstrated an TENG based shape-memory polymer which had capability to recovery
the micropatterns by heating at 55 °C [33]. In those materials, the utilization of shape-
memory polymer may provide a feasible way to solve above obstacles, and show great
flexibility in engineering processes of materials and device design.

Comparing with traditional 3D printing technique, 4D printing technology takes an
advantage of smart materials to design and fabricate diverse intelligent device with
complicated structure.[39-44] The shape, property and functionality of 4D-printed
object have the capability to evolve with time under an external stimuli [45-48].
Gladman et al. had utilized hydrogel composite ink for 4D printing. Through
optimization of printing parameters, a double-layer structure with programmable
anisotropy was achieved to be transformed into the target shape while immersed in
water [44]. Kuang et al. combined shape-memory and self-healing properties into 4D
printing technique. The 4D-printed spiral could be cut and stretched into a broken strip
as a temporary shape. Once heated above 70 °C, the broken area can be self-healed and
recovered to its original structure [49]. Therefore, 4D printing technique combining the
advantages of 3D printing technology and shape-memory materials, may pave the way
of developing durable TENGs enjoying complicated and precise structures.

Herein, a novel 4D printed triboelectric nanogenerators (4DP-TENG) based on
shape-memory polymer with sprayed electrodes of silver nanowires are designed and
fabricated by fused deposition modeling (FDM) printer and spray technique in this
work. The research results present that the printed microstructure and whole TENG

device can be readily recovered simply by thermal treatment at 60 °C in the oven. Our



4DP-TENG with the contact-separated and freestanding modes are effectively utilized
to harvest mechanical energy. The optimized freestanding mode-based 4DP-TENG can
detect human motion of finger, wrist and elbow joints at different bending angles. The
results in the present study prove 4D printed technology to be a powerful technique in
the fabrication of TENGs for harvesting mechanical energy and self-powered human
motion sensors, showing great potential for human-robot cooperation in sensing and

control of robot in need of sophisticated and precise structures.

2. Experimental Section

2.1 Raw Materials

Silver nitrate (AgNO3, 99.8%), ethylene glycol (EG), polyvinylpirrolidone (PVP, 360
k), copper chloride (CuCl2:2H2O), poly(ethylene-glycol-adipate)  diols,
diphenylmethane diisocyanate, dibutyl tin dilaurate, absolute ethanol and other

chemicals were purchased from Aladin and used without further purification.

2.2 Preparation of Silver Nanowires (AgNWs)

Firstly, 0.3 mg of CuCl2:2H>O were dispersed in 50 ml of EG. Subsequently, 250 mg
of AgNOs in 15 ml of EG were mixed in previous solution. Subsequently, 15 ml of EG
with 190 mg of PVP were dropped by peristaltic pumping with a rate of 2 ml/min. When
the solution was fully changed from transparent to pearly, the AgNWs were synthesized

in solution. The centrifuges were utilized to separate the AgNWs from EG and other



chemicals at 1500 rpm. Then, the collective AgNWs were redistributed in absolute

ethanol (25 ml) and installed in the spray machine (Dragon Nation, LB-NMH186A).

2.3 Preparation of Shape-Memory Polymer (SMP) Filament

The SMP filament is prepared as follows. 90 g Poly(ethylene-glycol-adipate) diols
were mixed with diphenylmethane diisocyanate and diethylene glycol with 10 wt%.
After adding 0.1g dibutyl tin dilaurate as catalyst, the mixture was heated at 60 °C under
stirring. After curing at 120 °C for about 12 h, polyurethane prepolymer (PU) with high
molecular weight was dried in a vacuum-drying oven (Shanghai Pein Experimental
Instrument Co., Ltd., China) at 90 °C for 10 h. Then, polyurethane/polylactic acid
composite with 5:5 was synthesized by mixing extrusion at 220 °C to obtain raw
materials for extrusion. The FHD filaments were fabricated by a double screw extruder
(XH-433-40, Dongguan Xihua Machine Co., Ltd., China) with optimization parameter
to ensure the diameter (1.75 mm), density and ratio. FDM 3D printer (Ultimaker S3)
was utilized to print the specimens with printing speed 35 mm/s, printing temperature
210 °C, filling rate 100 % and substrate temperature 45°C on the paper tape which could

provide good adhesion between polymer and substrate.

2.4 Fabrication of TENGs
Contact-separation and freestanding mode-based TENGs were designed and

fabricated by fused deposition modeling 3D printer.



2.5 Characterization

The scanning electrons microscopy (SEM) images were acquired by a Field Emission
Scanning Electron Microscope (JSM-6701F, JEOL) to investigate the surface
morphology of devices and AgNWs. The output performance of TENGs including
open-circuit voltage (Voc), short-circuit current (/) and transferred charge (Qc) were
measured and analyzed by LeCroy Wave Runner Oscilloscope (44MXI) with probe
resistance value of 10 MQ, SR570 low noise current amplifier (Stanford Research
System) and 6514 system electrometer (Keithley), following previous literatures [50,

51].

3. Results and Discussion

The 4FP-TENGs were designed and fabricated by Fused Deposition Modeling
(FDM) printer with SMP filaments. The devices and electrodes were fabricated as
depicted in Figure 1. Under the motor driving, the SMP filament was heated at 210 °C
in the printer head and extruded through a small opening as shown in Figure 1a. The
print bed was kept at 45 °C to prevent the device from cooling too fast. The printing
speed at X and Y direction was fixed at 35 mm/s, while printing speed at Z direction
was 0.1 mm/min. The surface morphology of fused deposited SMP film is presented in
Figure 1C, in which the microwires of SMP were printed. The final printed triboelectric
materials are presented in the inset of Figure 1a which show significant transparent

character of SMP. The electrodes of TENGs are fabricated by spray machine as shown



in Figure 1b. Due to high temperature of printing bed and hot deposited SMP filament,
ethanol could be evaporated in short time and the AgNWs could form conductive
electrode of TENGs as shown in Figure 1d. Through the design of device structure,
two working modes of TENGs including contact-separation and freestanding mode can
be fabricated. As the SMP can recover to its original shape, the printed triboelectric

materials may enjoy self-recovery properties and form 4DP-TENGs.
C
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d .

Figure 1. Schematically illustration of 4DP-TENG: a) fabrication of supporting and

a

triboelectric materials; b) fabrication of AgNWs electrode, ¢) SEM image of polymer

surface morphology; d) SEM image of AgNWs electrode.

Followed by the processing of 4DP-TENGs, the self-recovery properties of device
were investigated as shown in Figure 2. The operation of TENGs relies on the coupling
effect of triboelectrification and electrostatic induction which results from sufficiently

contact of two different materials. The external impact could damage the microstructure
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of the constituent materials and main construction of device and lead to the degradation
of output performance. Therefore, the incorporation of self-recovery properties into
device will benefit for long-term operation of TENGs. As shown in Figure 2a, the SEM
and optical images present surface morphology with high surface area at original stage
which is similar with the literature [27]. After hundreds of impacts, the SEM and optical
images show serious deformation of microstructure and main structure. Microwires of
SMP had fully collapsed, and the main structure of SMP in the inset of Figure 2b folded
after releasing external force. To recovery the microstructure and main structure of the
TENG, the whole device was storage in oven with 60 °C. After 30 s, the microstructure
and main structure are fully recovered, which are similar with their original states as

shown in Figure 2c.

a

Figure 2. Cross-section SEM images of 4D printed SMP film: a) Original state, b)

Deformed state, ¢) Recovered state.

In this study, two working modes including contact-separation and freestanding are

adopted for diverse applications. Firstly, the working principle and output performance
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of contact-separation 4D-printed TENG are studied as shown in Figure 3. The
tribomaterials and device supporting materials are fully printed using SMP, and the
conducting electrode is formed by a sprayer in Figure 3a. Under external force, the
AgNWs electrode could contact with printed SMP tribomaterials in Figure 3b-ii. Due
to the differences in triboelectric polarities between SMP and AgNWs, electrons could
be attracted on the surface of SMP. After the separation as shown in Figure 3b-iii, the
positive charge on the AgNWs electrodes and negative charges on the surface of SMP
could be formed and created electrical potentials between two AgNWs electrodes which
lead to the instantaneous electricity. By repeating the contact and separation processes,

the alternating current is created to fulfill the conversion of external mechanical energy.
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Figure 3. (a) and (b) schematically illustration of device structure and working

principles of contact-separation 4DP-TENG, respectively. (¢) Open-circuit voltage, (d)
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short-circuit current, and (e) transferred charge of contact-separation 4DP-TENG with
a frequency of 2 Hz. (f) Output voltage and current versus resistance of contact-
separation 4DP-TENG. (g) Variation of power density with external resistance. h)

Performance comparison of original, deformed and recovered device

To evaluate the energy harvesting capability of contact-separation 4DP-TENG, the
device with 4 cmx4 cm was printed to harvest mechanical energy under 128 N force.
The output performance of device is presented in Figure 3. The Vi, Ic and Q. of
contact-separation mode arrive at 39 V, 5.9 pA and 43 nC, respectively. In Figure 3e,
the voltage across the load resistance increases with increment of resistance, while
current flowing through the load resistance presents a reverse trend The maximum
output power density of the prepared device can achieve at 56 mW/m? with external
resistance of ~ 10 MQ as shown in Figure 3g. After several hundreds of impacts, the
Voedecreased to 18 V and about 50% of original device which could be attributed to the
change of the surface morphology of 4DP-TENG. The surface morphology was
deformed and had less surface area comparing with original state as shown in Figure
2. After thermal treatment at 60 °C for about 1 min, the surface morphology could be
recoved, providing enough surface area for TENG. As shown in Figure 3h, V. of self-
recovered device can achieve at 38 V which is very close to 40 V measured from

original device.
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Figure 4. (a) Schematically illustration of 4D printed contact-separation mode TENG
for walking energy harvesting. (b) Open-circuit voltage, (c) Short-circuit current, (e)
Transferred charge, (¢) Dependence of output performance and (f) peak power of
contact-separation mode triboelectric nanogenerator on the resistance of external load,
respectively. (g) Images of 28 green LEDs powered by contact-separation 4DP-TENG

without external circuit loads, (h) Open-circuit voltage of contact-separation 4DP-
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For practical harvesting of human walking energy[7, 52, 53], the insole with 7.5 size

in US size was designed and fabricated into contact-separation mode TENG as shown
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in Figure 4a. Under 60 Kg pressuring of human, V., Iy and Q. of contact-separation
mode TENG are measured to be 140 V, 19 uA and 95 nC in 2 Hz, respectively. The
value of V, increases with increment of resistance, while /. decreases. The maximum
output power density of prepared device can achieve at 56 mW/m? with external
resistance of ~ 7 MQ as shown in Figure 4f. The whole insole could easily light 28
LEDs in Figure 4g. After several hundreds of impact, the V,. decreased to 68 V and
about 50 % of original device which could be attributed to the change of the surface
morphology of 4DP-TENG. The surface morphology was deformed and had less
surface area comparing with original state as shown in Figure 2. After thermal
treatment at 60 °C for about 2 min, we found the recovery of surface morphology
possessing enough surface area for TENG. As shown in Figure 4h, V,. of self-
recovered device can achieve at 135 V which is almost same with original device of

138 V.
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Figure 5. (a) and (b) Schematically illustration of device structure and working
principles of 4D-printed freestanding mode TENG, respectively. (¢) Open-circuit
voltage, (d) short-circuit current, and (e) transferred charge of 4D-printed freestanding
mode TENG at 150 rpm. (f) Output voltage and current versus resistance of 4D-printed
freestanding mode TENG. (g) Variation of power density with external resistance. (h)

Performance comparison of original, deformed and recovered device

It 1s known that both contact-separation mode TENG and freestanding mode TENG
have been extensively used for harvesting of mechanical energy and detection of
different motions. To present the usefulness of 4DP-TENG, the freestanding mode
device with grating disc structure is designed as shown in Figure 5a. The whole device

includes two parts: stator with electrode layer and rotator with printed structural support
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which provide the alignment of device. Grating structures are printed on the surface of
stator and rotator. AgNWs layer was printed on the grating structure surface of stator
and formed the electrode layer. 6 blades grating configuration as a demonstration is
selected to harvest energy and detect human motion. The working principle of
freestanding mode TENG with grating configuration could be attributed to the coupling
effect of contact electrification and in-plane-sliding induced charge transfer in Figure
5b. Fully overlapping position is the first stage with fully contact between grating of
SMP and the fingers of electrode layer in Figure 5b-i. Due to the triboelectrically
difference between SMP polymer and AgNWs electrode, the contact electrification
could lead to the formation of negative charges on the polymer surface and positive
charge on the electrodes. When the SMP polymer slides rightward, an electrical
potential difference is generated and drives electronic flow between nearby electrodes
which lead to a transient current in Figure 5Sb-ii. An electrostatic equilibrium could be
achieved after fully overlapping position between SMP polymer and AgNWs electrodes
in Figure 5b-iii. When the rotator continues to slide, the electrons could flow back and
lead to generation of a reverse current in external circuit as shown in Figure 5b-iv.The
grating disk type of TENG at 150 rpm was 4D-printed and utilized to harvest
mechanical energy as shown in Figure Sc-5e. The V., I;c and Q. of freestanding mode
could arrive at about 16 V, 1.6 pA and 14 nC, respectively. In Figure 5f, the voltage
across the load resistance increases with increment of resistance, while current flowing
through the load resistance presents a reverse trend. The maximum output power
density of prepared device can achieve at about 65 mW/m? with external resistance of
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~ 30 MQ as shown in Figure 5g. After hundreds of period rotations, V,. decreases to
about 5 V which is about 35% of original device, due to the deformation of the device
structure and the surface morphology. After thermal treatment at 60 °C for about 1 min,
the whole printed device structure could recovery and provide enough surface area for
TENG. As shown in Figure 5Sh, the whole structure can recover to the original state
under thermal treatment while the V. of self-recovered device can achieve at about 16
V, which is almost same with original device. It is worth noting that the printed FS
mode TENG in Figure Sh has lost transparency comparing with printed SMP film in
Figure 1a. Firstly, the SMP film presented in Figure 1a is a thin film with a thickness
about 0.2mm. However, in order to ensure the robustness of the self-powered sensor, it
is necessary to increase the thickness of the substrate so that the self-powered sensor
loses its transparency. Secondly, SMP film in Figure 2a is a pure film without silver
nanowires. In contrast, the SMP structure for self-powered sensor have the silver
nanowire electrodes as conducting layer which also affect the transparency of the
device.

In recent years, human-robot cooperation has attracted lots of attentions due to wild
applications in manufacturing industry and extreme environments. Self-powered sensor
based on TENG had already shown great potential in sensing and control of robot [54-
56]. Herein, the self-powered angle-sensor based on 4D-printed freestanding TENGs
was fabricated as illustrated in Figure 6. By design of the 4D-printed freestanding
TENG, device with different sizes are printed and assembled as self-powered human
motion angle-sensor. Under driven of human joints in Figure 6b, the device could
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perform the sliding motion between tribomaterials and electrodes, by recognizing the
phase of output signal, we can get the angle information of the joint motion. The
working principle of 4D-printed self-powered human motion angle-sensor is
schematically illustrated in Figure 6¢ and Figure 6d. In the Figure 6c¢-i and 6c-iii, there
are equal amount positive charge on two electrodes, leading to zero electric potential
difference between two electrodes. When the friction unit fully overlap with electrode
2 in Figure 6c¢-ii, the positive charge completely transfer to electrode 2 to achieve the
electrostatic balance that the electric potential difference between two electrodes
reaches the maximum. Due to the coupling effect of contact electrification and in-plane-
sliding induced charge transfer, the flexion/extension of joints could be translated into
positive or negative pulse signal by angle-sensor as shown in Figure 6d. The different
phase of output signal presents the variation in the bending angle due to the 6-blades
design, specifically a phase of 7 for 30°, 2w for 60° and 37 for 90° are as shown in Figure

6d-i to 6d-iv.
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Figure 6. (a) Schematically illustration of self-powered human motion angle-sensor
based on 4DP-TENG, (b) finger motion, (¢) working principles of sensor, (d)

relationship of the Voc and finger motion.
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Figure 7. Applications of 4DP-TENG as self-powered human motion angle-sensor to
detect (a) finger joints, (b) wrist joints, and (c) elbow joints. (d) Comparison of output

performance of original, deformed and recovered angle-sensor.

The 6 blades grating configuration with different device diameters including 15 mm,
20 mm and 30 mm are chosen to detect the bending angle of different joints as shown
in Figure 7. As mentioned above, all sensors with the 6 blades grating configuration
could be utilized to identify the 30°, 60°, 90°, responding to relative phase . 2m and

3n. As shown in Figure 7a, the bending angle with 30°, 60°, and 90° of finger joints
21



could be detected by original angle-sensor with peak value of V,. about 0.6 V. At the
same time, the bending angle with 30°, 60°, and 90° of wrist joint and elbow in Figure
7b and 7¢ could be also detected by original sensors with peak values of V. about 1.1
V and 2.3 V, respectively. After hundreds of operations, the surface morphology of
self-powered sensor could be changed with less surface area which lead to decrement
of peak value as shown in Figure 7a-7d. Although the deformed angle sensor of wrist
joint and elbow could also detect the bending angle with 30°, 60°, and 90°, the peak
value of V,. decreased to about 0.3 V, 0.5 V and 1.1 V, respectively. After thermal
treatment of 1 min at 60 °C, the surface morphology of deformed angle sensor and the
main structure can restore to its original state which leads to performance recovery of
self-powered angle sensor in Figure 7d. Recently, Wang et al. introduced the self-
powered angle sensor at nanoradian-resolution for robotic arms by optimization the
grate configuration [54]. By decrement of grating width, the resolution angle of self-
powered angle sensor could be further enhanced. Herein, the novel self-recovered
TENGs based on 4D printing technology could provide great potential in energy
harvesting and self-powered angle sensors for human-robot cooperation in sensing and

control of robot with durable, sophisticated and precise structures.

4 Conclusion

To further develop the utilization of TENGs, we demonstrate the self-recovered

TENGs fabricated by 4D printing technology, which not only provide excellent self-
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recoverability of device performance and robustness of device structure, but also can
directly fabricate complicated structure with diverse materials through computer design
without any molds. The printed device can harvest mechanical energy with maximum
output power density of 56 mW/m?. Moreover, it is capable of detecting the bending
angles of human joints as self-powered sensor. The self-recoverability originated from
shape-memory polymer provide excellent self-recoverability of device performance
and robustness of device structure after thermal treatment. The novel self-recovered
TENGs based on 4D printing technology could provide great potential in energy
harvesting and self-powered angle sensors for human-robot cooperation in sensing and

control of robot.
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Graphical abstracts

To further develop the wide utilization of Triboelectric Nanogenerators (TENGs), we
introduce 4D printing technology and fabricate the transparent self-recovered TENGs,
which not only provide excellent self-recoverability of device performance and
improve the robustness of device structure, but also open a path to fabricate complicated
structure through computer design with no need of any molds. The self-recovered
TENGS based on 4D printing technology may offer great potential in energy harvesting
and self-powered sensors for human-robot cooperation in sensing and control of robot
in need of sophisticated and precise structures.
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