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A B S T R A C T   

Well-defined design and fabrication of piezoelectric energy generators are required for surrounding environment 
energy harvest, capable of providing sustainable, renewable energy for future life. Herein, we present a 3D 
piezoelectric spring in a sandwich structure mainly constituted of a flexible Al electrode, electrospun PVDF film, 
and a Pt electrode, where the inside commercial springs act as a 3D structural foundation. The resulting 3D 
piezoelectric spring exhibits its potential as a multifunctional sensor to detect strain, speed, frequency, and 
resistance. It is further bridged with LED/capacitor by rectifier for illumination and charging, enabling highly 
efficient environment energy harvest and storage. The parallel connection of three piezoelectric springs exhibits 
an output voltage of 7.2 V and output current of 300 nA for 21 MΩ resistance, which are three times of single 
piezoelectric spring, demonstrating the possibility of scale-up. This work provides an effective strategy for 3D 
piezoelectric spring fabrication, and new insights for spring-based piezoelectric energy generators, devoting to 
energy harvesting technology.   

1. Introduction 

Considering the rapid consumption of fossil energy resources and 
accompanying environmental problems, the development of sustain-
able, renewable energy is extremely urgent for the energy demands in 
the future. Among all energy sources, mechanical energy is one of the 
most investigated forms due to its abundance and ubiquity in the envi-
ronment, thus mechanical energy harvesting has gained tremendous 
interest. Mechanical energy harvesting systems hold not only potential 
to act as new energy technology to harvest the mechanical energy from 
human movements [1–3] or surrounding environment energy [4–6], but 
also accredit for their valuable applications as sensors to record sound 
[7], detect pressure [8,9], detect wind [10] and used as wearable elec-
tronic skin [11–13] or self-sensing blood vessel stents [14]. Additionally, 
the mechanical energy harvesting systems have gradually entered the 
practical application stage to drive soft robot, human-machine interac-
tive keyboard, and electrochemical system [15–17]. It has been pre-
dicted as one of the most promising next-generation energy generators 
to change our life in the future. 

Recently, piezoelectric materials are designed as efficiently 

mechanical energy harvesters to convert mechanical energy into elec-
trical energy [18]. Piezoelectric materials, such as polyvinylidene fluo-
ride (PVDF) [19], poly(vinylidene fluoride-co-trifluoroethylene) (P 
(VDF-TrFE)) [20], monolayer MoS2 [21], barium titanate (BaTiO3) [22], 
and zinc oxide (ZnO) [23] have been extensively studied for piezo-
electric nanogenerator (PENG). Among those piezoelectric materials, 
PVDF has been considered as a good candidate for PENG, due to its 
lightweight and good processability [24,25]. Compared with brittle 
inorganic piezoelectric materials, such as ZnO and BaTiO3, piezoelectric 
PVDF can be fabricated through electrospinning, which is a high-yield, 
low-cost, and mild-condition technology [26]. Meanwhile, the fibrous 
PVDF films show excellent flexibility that can resist micro structural 
damage after a long-time exposure to mechanical motions [27,28]. 
Additionally, PVDF materials are reported to generate electrical stimu-
lation under ultrasound [29,30], or used as self-powered biocompatible 
scaffolds for nerve and bone regeneration [31,32], which proved their 
biocompatibility and environmental safety. Consequently, electrospun 
PVDF shows high electrical performance, excellent flexibility and bio-
friendly property as a functional PENG material. 

Due to the special physical properties of helical architectures, many 
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nano/micro materials are fabricated with a helix structure [33–35]. 
They are reported for various advanced applications, for example, arti-
ficial muscles [36], sensors [37–39], micromotor [40,41], and energy 
harvester [42,43]. A coil spring is a helical-shaped mechanical device 
which can store and release energy to absorb percussive impact or to 
resist compression/extension forces. As an elastic machine element, 
helical springs have long served as the classic model for energy storage. 
In many designed energy harvesters, springs are commonly used as a 
deformable component in the contact-separation triboelectric nano-
generator (TENG) to apply a force to separate the contacting objects 
after removing the pressure source [44–46]. Rather than a simple sup-
porter in energy generator, springs could be improved as an auxiliary 
collection device to produce extra energy. 

Herein, a 3D piezoelectric spring was presented to investigate the 
electrical signal output triggering by designed human movements and 
mechanical motion. The electrical outputs from cyclic pressing-releasing 
process under different conditions were thoroughly characterized and 
analyzed. The 3D piezoelectric spring could act as a multifunctional 
sensor to detect strain, speed, frequency, and resistance attributed to the 
linearly proportional relationship, where the detection range are 
12.5–62.5% for strain, 1–7 m/min for speed, 0.01–0.89 Hz for frequency 
(logarithmic form), and 0.2–21 MΩ for resistance. With a piezoelectric 
spring size of ~ 0.9 mm in wire diameters, ~ 2.0 cm in outer diameter, 
and ~ 3.9 cm in free length, at the strain of 50%, speed of 8 m/min and 
frequency of 0.21 Hz, the output voltage and current for a 21 MΩ 
resistance connected with piezoelectric spring was 2.5 V and 124 nA, 
respectively. An increasing frequency of |retracting potential| > |com-
pressing potential| occurrence in total compressing/retracting process 
was observed from 12.5% to 50% of strain due to the extension from the 
harmonic motion of spring. The piezoelectric spring exhibited the pos-
sibility to drive LED light and charge commercial capacitors. At 166 s, 
the 1 μF capacitor and 10 μF capacitor were charged to 9.7 V, and 1.3 V, 
respectively. This work provides a facile and effective strategy for 3D 
piezoelectric spring fabrication and presents the potential utilization as 
sensors and energy harvesters. 

2. Experimental section 

2.1. Electrospun PVDF fibrous film 

Various concentrations (12%, 16%, 20%, 24%, and 28%) of PVDF 
(Mw ~ 180,000, Sigma-Aldrich) solutions in a solvent mixture con-
taining acetone (99%, VWR Chemicals) and N,N-dimethylformamide 
(DMF, Sigma-Aldrich) were prepared with oil bath heating at 60 ◦C 
and stirring for 1 h until all PVDF pellets were dissolved. The volume 
ratio of acetone and DMF was carried out at 0:10, 2:8, 4:6, 6:4 and 7:3. 
Then, the precursor solution was loaded in a 3 mL syringe with a 
metallic needle of 0.9 mm inner diameter. The tip-collector distance and 
the applied voltage was carried out at 15 cm and 17 kV with a feeding 
rate of 0.5 mL/h for 1 h to obtain PVDF microfibers on Al foil. Due to the 
electrospinning process combines mechanical stretching and electric 
poling, it is an efficient technique to produce PVDF nanofibers with a 
high β phase fraction. It formed an in-situ poling during electrospinning, 
which does not require an additional poling process [47]. Electrospun 
PVDF microfibers were characterized by scanning electron microscopy 
(SEM, HITACHI, Tabletop microscope) and fourier transform infrared 
spectroscopy (FTIR, Bruker Vertex V70). The FTIR spectra were used to 
quantify the mass fraction of β phase in the crystalline phase PVDF ac-
cording to Eqs. (1) and (2) [48,49]. 

FEA =
IEA

(
K840∗
K763

)

× I763 + IEA

(1)  

Where FEA is the total mass fraction of β and γ phase in the crystalline 
phase PVDF, IEA and I763 are the absorbances at 840/cm and 763/cm in 

the FTIR spectra, respectively. KEA and K763 are the absorption co-
efficients at 840/cm and 763/cm, and the values of KEA and K763 are 
7.7 × 104 and 6.1 × 104 cm2/mol. 

F(β) = FEA ×（
∆Hβ′

∆Hβ′ +∆
Hγ′）× 100% (2)  

Where F(β) is the mass fraction of β phase in the crystalline phase PVDF, 
ΔHβ′ and ΔHγ′ are the absorbance differences between the peak around 
at 1275/cm and the nearest valley around 1260/cm, and the peak 
around 1234/cm and the nearest valley around 1225/cm, respectively. 

2.2. Electrospun PVDF fibrous film on spring 

The conductive stainless-steel springs were manufactured in a 
workshop at Aarhus University. The thickness, length, and radius of the 
springs was 0.9 mm, 3.9 cm, and 2.0 cm, respectively. The as-prepared 
spring held 4 active coils as shown in Fig. S1a. Measured using Hooke’s 
law, the spring constant is nearly 144.0 N/m. Subsequently, the springs 
were connected with Cu wires. The flat flexible aluminum foils were 
deformed in cylindrical architecture, wrapped tightly around the 
springs, and pasted by scotch tape in the back. Thus, the closed cylin-
drical flexible aluminum foils were covered on the springs. Limited by 
the closed cylindrical structure, the flexible aluminum foils can be 
pressed and released as the spring is pressed and released. The 
conductive side of flexible aluminum foil facing outside was connected 
to the conductive spring part. The spring/flexible Al electrode device 
acted as collector grounded in the later electrospinning process. The 
20% PVDF in acetone/DMF (6:4, v/v) were used here. 0.5 h of electro-
spinning was applied firstly on one side of spring, and the spring was 
overturned 180◦ for another 0.5 h of electrospinning. The electrospun 
PVDF fibers were deposited on the flexible aluminum foil side (Fig. S1b). 
Observed by SEM (Fig. S1d), the diameter is found ~ 117.8 ± 85.5 nm. 
The electrospun PVDF microfibers were dried overnight at room 
temperature. 

2.3. Preparation of Pt coating and PDMS coating 

Platinum nanoparticles were coated on the surface of the spring/ 
flexible Al electrode/electrospun PVDF device with 40 nm thickness by 
a sputter coater (EM SCD500, Leica, Germany) on both sides by over-
turning 180◦. By using quick-drying conductive silver adhesion 1415 
(G3692, PLANO Gmbh), a Cu wire was connected to the Pt part. After 
the conductive glue dried in air for 1 h, the mixed solution of poly-
dimethylsiloxane (PDMS) base (10 g) and curing agent (1 g) (DOW 
SYLGARD 184 Silicone Elastomer Kit, Dow Corning Company) was 
poured on spring/flexible Al electrode/electrospun PVDF/Pt electrode 
device for overnight curing. Only a very thin PDMS layer was left and 
cured, as extra PDMS mixed solution flow down. The final products 
(Fig. S1c) were ready for further characterization. By cutting the final 
film into pieces, the cross-section images observed by SEM show a 
typical sandwich structure (Fig. S1e), where the PDMS covered all the 
PVDF fibers. The PVDF fibers are embedded in PDMS film, and part of 
the PVDF fibers can be observed and marked with black arrows 
(Fig. S1f). The detachment between the flexible Al electrode and elec-
trospun PVDF/Pt/PDMS film was possibly due to poor adhesion after the 
pressing-releasing process. The thickness of the electrospun PVDF film 
and overall film were measured as 316.6 ± 44.9 µm and 
425.4 ± 47.1 µm, respectively. The thin Pt film (marked by red arrows) 
between the PVDF/PDMS film and outer pure PMDS film could be 
observed from the high-magnification image (Fig. S1f), where the 
conductive materials are brighter. 

2.4. Electrical measurements 

The overall data of electrical performance were collected using an 
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electrochemical workstation CHI 660E (Shanghai Chenhua Device 
Company, China). Through a simplified two-electrode system, electrical 
signals were recorded by open circuit potential-time and current-time 
curves. The horizontal pressing and releasing were applied by an auto-
mated stage in a melt electrospinning writing (MEW) device 
(CAT000111, Spraybase, Ireland) working as mechanical loading 
equipment. 

3. Results and discussions 

Fig. 1 schematically showed the sandwich structure of 3D piezo-
electric spring, mainly consisting of flexible Al electrode, electrospun 
PVDF, and Pt electrode. The spring coil was regarded as a 3D support 
inside, and PDMS was used as a packaging material to enhance the 
stability and flexibility. After connecting two wires from Al electrode/ 
spring coil and Pt electrode, by casting with a thin layer of PDMS 
thoroughly, the final piezoelectric spring energy generator were fabri-
cated successfully. The schematic chain conformation for the α, γ and β 
phases of PVDF was presented on the right (Fig. 1). As the α-phase PVDF 
has a nonpolar conformation, the piezoelectric properties of PVDF were 
mainly depending on the polar crystalline phases including β-phase and 
γ-phase PVDF. Among them, the β-phase PVDF showed maximum 
piezoelectric effect and highest electro active properties compared with 
other phases in PVDF [50]. To get more β-phase, the electrospun PVDF 
fibrous films were fabricated through optimization of the experimental 
conditions and analyzed by FTIR (Fig. S2a and c). It showed sharp 
characteristic peaks around 763, 1234, and 1275/cm corresponding to 
α-, γ-, and β-phase for PVDF. The mass fractions of β-PVDF in the crys-
talline PVDF were calculated (Fig. S2b and d). The effective elonga-
tion/stretching of the electrospinning jet was regarded as the key 
mechanism for the transformation from α phase to β phase [51]. Higher 
acetone content (acetone/DMF, 7: 3) can lead to faster evaporation, and 
higher polymer concentrations (24% and 28%) can lead to the higher 
viscosity and stronger macromolecular chain entanglement. Both can 
result in insufficient stretching which leads to higher amount of α phase. 
Using too high ratio of DMF (acetone/DMF of 0: 10, 2: 8, and 4: 6) and 
low PVDF concentrations (12% and 16%), the collected fibers were 
poorly solidified containing trace amounts of solvents. Thus, the 
less-solidified PVDF molecules had not enough orientation, producing 
predominantly randomly oriented crystals of α phase. Manipulating the 
proportion of the DMF/acetone solvent system and polymer concen-
tration can get a high content of β-phase PVDF [52,53]. According to the 
calculated mass fractions of β-PVDF (Fig. S2b and d), the highest mass 
fraction of β-PVDF was fabricated by using 20% PVDF in the mixed 
solvent of acetone/DMF (6: 4, v- v), which is used in the following 
experiments. 

To demonstrate that the 3D piezoelectric springs could be utilized as 
an energy harvester, a full-wave rectifier was connected as a bridge 
between 3D piezoelectric spring and resistance/capacitance/LED 
(Fig. 2a, left). The lighting schematic process of a LED by a 3D piezo-
electric spring system was illustrated (Fig. 2b). The voltage and current 
measurement circuit diagram was also shown (Fig. 2a, right). The 

electrical signals from a 21 MΩ resistance without (Fig. 2c) and with 
(Fig. 2d) rectifier bridge produced by hand was recorded. By pressing- 
releasing process, LED could be driven directly (Fig. 2e and Video S1). 
Switching polarity was tested to confirm the output voltage from the 
piezoelectric effect. The opposite open-circuit output signal was 
observed when the device was connected reversely (Fig. S3). To further 
prove the practicality of 3D piezoelectric spring for charging energy 
storage units, the device with rectifier was connected two different ca-
pacitors (1 μF and 10 μF, Fig. 2f), which represents the capacitors are 
charged successfully by the hand-driven 3D piezoelectric spring. At 
166 s, the 1 μF capacitor and 10 μF capacitor were charged to 9.7 V, and 
1.3 V, respectively, where the capacitors with smaller capacitance held 
faster charging voltage and charging speed. It showed the ability of the 
piezoelectric spring to charge commercial capacitors. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2021.106578. 

To characterize the performance of the 3D piezoelectric spring, the 
electrical outputs triggered by MEW device with controllable parame-
ters were measured. Both the typical waveform of potential-time 
(Fig. 2g) and current-time curves (Fig. 2h) were recorded according to 
different strain from 12.5% to 62.5%. Due to the open-circuit voltage 
was out of measuring range (− 10 ≤y ≤ 10) for CHI device (Fig. S4a), 
the open-circuit voltage was not investigated here. Instead, the piezo-
electric performance was calculated by measuring the voltage of a 
21 MΩ load resistance (Fig. S4b) in series with piezoelectric springs 
using CHI device as illustrated schematically (Fig. S5). The positive 
strain and negative strain were relayed to pressing and releasing process, 
respectively. The average values for positive and negative peaks against 
different positive/negative strain were plotted exhibiting a strong linear 
relationship (Fig. 2i), which confirmed its potential as a strain sensor. 
The output voltage-strain curve was fitted (black) to Eq. (3). As the 
potential energy stored in a spring can be calculated using Eq. (4), and 
the strain was defined by Eq. (5), the relationship between spring energy 
and output voltage can be described as Eq. (6) and Fig. S6. The piezo-
electric springs with different diameters were also fabricated to show the 
effect of PVDF area on the output voltage, where an increase in the area 
gives greater electrical power (Fig. S7). 

U = 0.04029 × strain (3)  

P =
1
2

k(∆L)2 (4)  

Strain (%) =
∆L
L

× 100% (5)  

U = 0.04029 ×

̅̅̅̅
2P
k

√

L
(6)  

Where U and P is the output voltage and potential energy, respectively, 
when the spring was press by a distance of ∆L, k is the spring constant, 
and L is the original length of the spring. 

As the pressing-releasing process was programmed by MEW, whose 

Fig. 1. Schematic structure for the as-fabricated 3D piezoelectric spring.  
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motion could be designed by G-code, the electrical outputs could be 
dominated by the profile of the stretching speed and frequency sepa-
rately. During cycling, the loading frequency increased from 0.01 Hz to 
0.89 Hz with speed fixed at 8 m/min (Fig. S8a and b), and the loading 
speed increased from 1 m/min to 8 m/min with a constant frequency of 
0.21 Hz (Fig. S8c and d), respectively. The measured output voltage 
(Fig. S8b) increased in accordance with the logarithm of frequency (lg 
(f)). Accordingly, the measured output voltage (Fig. S8d) increased 
linearly against the loading speed from 1 m/min to 7 m/min. As the 
machine cannot reach the setting speed immediately, the higher speed 
took longer time and longer distance increasing to the target speed. The 
highest speed setting of 8 m/min was possibly limited by the fixed 
running length of 4 cm, which could possibly be the reason for its out of 
the linear range. Thus, the measured electrical outputs increased with 
the increasing loading frequency and speed, respectively, exhibiting its 
potential as speed and frequency sensor. 

In practical applications, the energy harvester was usually connected 

with different load resistances. We systematically studied the voltage 
outputs (Fig. 2j) and current outputs (Fig. 2k) on a series of different 
loaded resistances, from 0.2 MΩ to 21 MΩ. As depicted, the voltage 
raised with the increase of the external resistance (Fig. 2l), while the 
current across the load showed a reversed/decreased tendency. Fig. S9 
indicates the output power as a function of load resistance with a linear 
relationship in the resistance range from 0.2 MΩ to 21 MΩ. The varia-
tion tendency both could be fit in a good linear relationship. By dividing 
the value of output voltage by the corresponding current, the loaded 
resistance could be calculated (Table S1), which also showed its po-
tential as a resistance sensor. It is possible to realize the self-power 
resistance measurement function detecting the resistance change from 
thermistor and humidity sensor, or even for Cr3+ detection [54]. 
Furthermore, the durability of the piezoelectric spring was also detected 
by a repetitive pressing-releasing contact test for 13 h with around 9500 
cycles (Fig. S10a), exhibiting increase from 0.7/− 0.7 V to 2.6/− 2.7 V 
(0–2.4 h, Fig. S10b), which could be due to the run-in period between 

Fig. 2. (a) Circuit diagram of piezoelectric spring with rectifier and 21 MΩ external resistance/LED/capacitance. (b) Schematic diagram of piezoelectric spring 
operating by hand with rectifier and LED. Measured output voltage of 21 MΩ resistance from the piezoelectric spring without rectifier (c) and with rectifier (d). (e) 
The piezoelectric spring harvest hand power to light up one LED. (f) Charging voltage as a function of the charging time for 1 μF and 10 μF of capacitances operated 
by hand. Measured output voltage (g) and current (h) with 21 MΩ resistance from the piezoelectric spring under different strains (0.21 Hz of frequency, 8 m/min of 
motor, and 23.7 cm2 of area). (i) Average voltage peak and current peak as functions of the strain. Measured output voltage (j) and current (k) of different external 
resistance. (l) Average voltage peak and current peak as functions of the loaded external resistance. 
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spring and piezoelectric materials. The highest and lowest point of po-
tential from 2.4 h to 13 h was shown in Fig. S10c, exhibiting 89.3% 
remaining for positive potential and 87.9% remaining for negative po-
tential, respectively. After the surface electrodes bearing thousands of 
cycling, the electrodes themselves can form stress-induced crack and 
microscale disconnection, resulting in slightly increasing sheet resis-
tance, especially under larger strain [55,56]. The poor conductivity of 
charges from the piezoelectric film was possibly the reason for the 
decreasing output potential. 

To demonstrate the possibility of scale-up and improve the overall 
output performance, we attached two or three piezoelectric springs in 
series (Fig. 3a–e) or in parallel (Fig. 3f–j) to exhibit the possibility of 
integrating more piezoelectric springs together. They experienced the 
same conditions except for the number of units. The performance of one 
piezoelectric spring was tested firstly, and then the two or three piezo-
electric springs were connected in series (Fig. 3a). For the series 
connection, the positive and negative charge cancellation between two 
connected power generating units made multiple piezoelectric springs 
and one piezoelectric spring equivalent approximately (Fig. 3b–e), 
exhibiting similar value numbers in both voltages and currents [57]. 
However, for the parallel connection, the output potential (Fig. 3g and i) 
and current (Fig. 3h and j) signals of these piezoelectric springs were 
added, where the voltage of two springs connected in parallel exhibited 
1.95–1.98 times as much as single one spring, and three springs con-
nected in parallel exhibited 3.15–3.23 times [58]. The results suggested 
that the piezoelectric springs provided a higher electrical output in the 
form of parallel connection than that in series connection. 

To elucidate the working principle of the piezoelectric spring, the 
electricity generation process for electrospun 2D PVDF film and 3D 
piezoelectric spring were illustrated, respectively. The 2D PVDF film 
was covered with Al electrode and Pt electrode on both sides for elec-
trical signal measurement (Fig. 4a). In initial state, without external 
force, there was no current occurs on the electrospun PVDF film 
(Fig. 4a1). With the force applied on the PVDF film, the PVDF film were 
compressed, where the negative charges were generated on the upper 
side, and the positive charges on the bottom side, leading to a generation 
of potential differences (Fig. 4a2). After removing the force, the PVDF 
film returned to the original shape, generating reversed charges 

(Fig. 4a3). The measured output voltage from 2D PVDF film showed the 
piezoelectric response was consistent with the theoretical prediction, 
namely the negative potential induced by compression and positive 
potential by retraction (Fig. 4b). 

In a similar way, the 3D piezoelectric spring also could produce 
energy by compression and retraction (Fig. 4c). Without pressing, the 
piezoelectric spring exhibited no charges (Fig. 4c1). When pressing the 
spring to a low position, the Al side was compressed by the spring coil, 
resulting in negative charges on the inner side, and the positive charges 
on the outer side (Fig. 4c2), similar to the compressed state of 2D PVDF 
film in Fig. 4a2. For the 3D piezoelectric spring, the force could be added 
along the direction of PVDF film, rather than perpendicular to the film, 
resulting in larger deformation and subsequently more positive/nega-
tive charges. After removing the force, the spring started to release the 
stored energy, forcing PVDF film to return to its original length, and 
induced reversed charges (Fig. 4c3). Due to the harmonic motion, the 
spring could extend more than the original length, which can stretch the 
PVDF film and produce more charges (Fig. 4c4). In the final state of 3D 
piezoelectric spring, the spring returned to the original position without 
charges (Fig. 4c5). Based on the proposed working mechanism for 3D 
piezoelectric spring, the existence of extension state could lead to more 
changes in retracting process than that in compressing process (namely, 
|the highest retracting potential| > |the lowest compressing potential|, | 
R| > |C|) in every compressing-releasing cycles. Meanwhile, the 
designed compressing speed was faster than releasing speed (Fig. 4d), 
which could result in |R| < |C|. Therefore, the competition between 
expansion and speed may cause |R| > |C| and |R| < |C| to appear in 
surrounding cycles. Thus, 100 cycles of compressing-releasing processes 
were analyzed statistically to calculate the frequency of appearance for | 
R| > |C| (frequency =

number of |R|>|C|
total nummber × 100%). The appearance fre-

quency was increasing along the strain of spring from 12.5% to 50% 
(Fig. 4e). The greater strain led to higher energy storage in the spring, 
which can cause a more pronounced extension with increasing appear-
ance of |R| > |C|. At 50% of strain, it exhibited the best enhancement 
(56.7% of |R| > |C| appearance), and then drop at 62.5% of strain. This 
confirmed that 50% strain was the optimal condition for 3D piezoelec-
tric spring with the highest piezoelectric enhancement from extension. 

Fig. 3. Schematic diagram of 2 units and 3 units connected in series (a) and in parallel (f). Measured output voltage (b and g) and current (c and h) from 1, 2 and 3 
piezoelectric springs connected in series and in parallel. Average voltage peak (d and i) and current peak (e and j) as functions of the unit number in series and in 
parallel. (21 MΩ of resistance, 0.21 Hz of frequency, 8 m/min of motor, 23.7 cm2 of area and 50% of strain). 
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To show a detailed output potential curve for the 3D piezoelectric 
spring, one-cycle input speed signal and the related output potential 
signal at speed of 1 m/min were exhibited (Fig. 4f). An automated stage 
with compressing and retracting movement at 1 m/min was recorded 
(Video S2). The response time for the lowest output potential was 
around 0.3 s. After taking the logarithm of speed and response time, they 
exhibited an excellent linear relationship, where higher speed can lead 
to faster response (Fig. 4g). 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2021.106578. 

4. Conclusion 

A new type of piezoelectric spring was successfully designed with 
high sensitivity and excellent stability to realize multifunctional sensing 
for strain, speed, frequency, and resistance. Moreover, the effectiveness 
of 3D piezoelectric spring for powering commercial LED and charging 
capacitor was successfully demonstrated. Unlike conventional PENGs, 
the as-prepared 3D piezoelectric springs, based on commercial spring, 
maintain their mechanical functions similar to the normal ones. Thus it 
holds the potential to replace the normal springs in the machines, and 
collect unexploited energy, with feedback to the machine. Furthermore, 
coupling piezoelectric springs with spring-assisted wave energy har-
vesters to replace normal springs, they can harvest extra energy as an 
auxiliary collection device. Even in someplace, where the existence of 
springs is optional, such as doors and soles of shoes, piezoelectric springs 
can also be easily integrated as an energy harvester. In the future 
research, the PVDF film also can be doped or replaced with other 
piezoelectric materials to generate a higher output potential and cur-
rent. Therefore, the piezoelectric spring has a huge potential for the 

employment of energy generators. 
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