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 Piezoelectric energy harvesters (PEH) can be used in many areas of application, including 
human walking, railways, pavements and bridges. Piezoelectric energy harvesters are 
currently based on two types of external forces, namely pressure load and mechanical 
oscillation or vibration. A vibration energy harvesting (VEH) is a mechanical oscillation 
in a piezoelectric energy harvester that harvested electric energy. In the market, there is 
available energy harvesting device in good electric energy harvesting and very sensitivity. 
However, the price is too high and the fabrication process is too complex. Furthermore, 
one of the aimed of the research is to install the energy harvesting device at rotary 
compressor machine which has noise vibration frequency at 1 kHz to 10 kHz. This paper 
presented a cavity structure-based flexible piezoelectric vibration energy harvester 
(FPVEH) based on an IDE circuit for low-frequency vibration applications. A cavity 
structure (IDE circuity) combine with the flexible circuit (polyimide) and flexible membrane 
(polyvinylidene fluoride, PVDF) will increase the electric energy harvesting and sensitivity 
of the device. Therefore, the four designs (Design A to D) are used to investigate the effect 
of the electrode finger width and the gap between the electrode fingers (to investigate the 
cavity structure applying in the design). All designs have been characterized by FEA 
simulation using COMSOL Multiphysics 5.0 and experimental work using a sieve shaker 
vibration machine. A sieve shaker machine is worked as vibration frequency calibrator. 
However, the sieve machine can operate at 5 kHz and 7 kHz. Since these two vibration 
frequencies are in targeted vibration frequency. It is used as vibration frequency calibrator 
in this experimental work. The results from the FEA simulation and experimental work show 
the Design D has the highest electric energy harvesting compare to other designs. It has 
electric energy harvesting at 27.3 V for 1 minutes period. Design D has a wide electrode 
finger width and the wide gap between electrodes compare to other designs. The vibration 
frequency was also given the impact to energy harvesting whereby the vibration frequency 
at 5 kHz has the highest electric energy harvesting compare to vibration frequency at 7 
kHz. 
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1. Introduction   

Previously, the research [1] has been looked up into a vibration 
effect towards PMUT design and then, it has been energised and 
stored in a capacitor. This paper is an extension of work originally 
presented in 9th International Conference on Control System, 
Computing and Engineering (ICCSCE2019) [1]. The paper will 

look into the flexible membrane (PVDF) and cavity design (the 
gap between electrodes) in PMUT for energy improvement. 

Recently, numerous studies have been investigated the use of 
piezoelectric energy harvesters (PEH) in various fields of 
application, such as human walking [2], railways [3], pavements 
[4–6], and bridges [7]. Several applications have emerged based 
on frequency and vibration studies [8]-[10], while others have been 
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based on load or pressure acting on an energy harvesting device 
[4] and [11].  

Flexible piezoelectric energy harvesting (FPEH) systems use 
elastomer pillars based on a piezoelectric polymer, whereby the 
stored energy has been converted into electrical energy in the 
clamped boundary on the piezoelectric layer [12]. Double-sided 
tribological layers, including polydimethylsiloxane (PDMS) and 
PDMS/multiwall carbon nanotubes with flexible polyvinylidene 
fluoride (PVDF), have been used as a triboelectric mechanism to 
enhance the performance of electric harvesters at various 
frequencies [13]. A flexible piezoelectric energy harvester with a 
sandwich structure using PIN-PMN-PT/epoxy has also been 
designed for wearable applications. The sandwich structure and the 
interdigitated electrode (IDE) film increase the flexural modulus 
of the membrane, resulting in a high electrical output [11]. The 
flexible piezoelectric energy harvester has been further developed 
using lead-free (Na0.5Bi0.5) TiO3-BaTiO3 piezoelectric 
nanofibers, which exhibit a high peak voltage output with a high 
load resistance [14].  Polymer piezoelectric materials, in 
collaboration with a beating mechanism, have been shown to 
generate a large force during low-frequency vibration and thus 
generate large output [15]. In one study, a piezoelectric PZT film 
was clamped to one end of a fixed wall and a load was mounted 
onto its other end [3]. This is called a cantilever piezoelectric beam 
model, and it has since been used in many vibration-type 
piezoelectric energy harvesters [3], [9], [16], [17].  

Many researchers are examining the relationship between 
vibration and a resonance frequency that is capable of increasing 
the output power [8]. A vibration energy harvester with multiple 
nonlinear techniques can broaden the bandwidth of energy 
harvesting systems; however, there is a need to tune the resonance 
frequency [18], [19]. This design uses a parallel-plate structure 
consisting of a suspended spring-plate, which is a very 
complicated design and extra work is needed to tune the frequency 
[18]. A resonant vibration energy harvester was developed based 
on the cantilever model that can achieve a high strain and thus 
maximize the output power [20]. Another study on broadening the 
bandwidth in piezoelectric energy harvesters used a bi-stable 
composite laminate. This bi-stable piezoelectric energy harvester 
has a high geometrical nonlinear response that can broaden the 
frequency bandwidth during vibration [21]. Besides, a bimorph 
piezoelectric vibration energy harvester with flexible piezoelectric 
material was designed to improve the output power while lowering 
the resonance frequency. The bimorph-type piezoelectric increases 
the deflection, and this increases the strain inside the piezoelectric 
material and thereby improves the output power [9].  

This paper presents a flexible piezoelectric vibration energy 
harvester (FPVEH) for use in low-frequency vibration energy 
harvesting applications. The energy harvesting device that 
available in the market can produce low energy harvester. There is 
an available energy harvesting device that can produce high 
electric energy harvester and sensitive to vibration frequency in the 
market. However, the price is a too high and complicated 
fabrication. The aimed of this research is to design and characterize 
a cavity structure-based flexible piezoelectric energy harvesting 
for low-frequency vibration applications. Beside of that, this 
design is to improve the quality of electric energy harvester and 
sensitive to vibration frequency. The target vibration frequencies 

are in the range 1 kHz to 10 kHz because the device will be 
installed at the rotary compressor that has noise vibration 
frequency from 1 kHz to 10 kHz. However, the available vibration 
frequency calibrator that is sieve shaker machine only can support 
5 kHz and 7 kHz frequency. Since these two frequencies are in the 
range of target vibration frequencies, this sieve shaker has been 
used as vibration frequency calibrator in the experiment. 

The four designs of FPVEH involving different in the gap 
between electrodes and different in the width of electrode fingers 
have been simulated and tested and demonstrated a significant 
performance in the result. All of these will be explained in the next 
section. The contribution of this research is a cavity design which 
is the gap between electrode fingers and a flexible circuit that has 
significant performance in electric energy harvesting.  The 
investigation of different electrode fingers gap will be shown the 
significant of cavity design in FPVEH. The next section presents 
the design and methodology for the piezoelectric vibration energy 
harvester, while the finite element analysis (FEA) simulation 
method and experimental method are also described. The FEA 
simulation results and experimental results are discussed in the 
results and discussion section, and the last section presents the 
conclusion. 

2. Design and Method 

The PMUT design and method are presented in this section. 
A cavity-based flexible piezoelectric energy harvesting has been 
elaborated in terms of structure and mechanical properties that 
related to energy harvesting. Furthermore, a procedure and method 
are presented in this section. 

2.1. IDE Circuits Structure 

Four different IDE circuits have been designed to examine the 
effect of the different gap between electrodes of FPVEH and the 
electrode finger width of the FPVEH that harvested the electrical 
energy. Hereby, the electrode finger width and electrode finger gap 
were the two parameters that were investigated in low-frequency 
vibration. The design parameters are shown in Table 1. The 
schematic diagram of the IDE circuit is shown in Figure 1 and is 
referred to as Design A. 

Table 1: IDE circuit design parameters 

Parameter Design 
A(mm) 

Design 
B(mm) 

Design 
C(mm) 

Design 
D(mm) 

IDE width 0.5 0.5 1.0 1.0 

IDE gap 0.5 1.0 0.5 1.0 

IDE length 20.5 26.0 25.0 29.0 

 

As presented for Design A in Figure 1, the electrode finger gap 
between the positive and negative electrodes was 0.5 mm, the 
electrode finger width was 0.5 mm, and the IDE circuit length was 
20.5 mm.  

Polyvinylidene fluoride (PVDF) was attached to the top of the 
IDE circuit. The IDE circuit was made of polyimide (PI) as a 
dielectric and flexible membrane, and copper (Cu) was used for 
the finger electrode of the IDE circuit. The 3M tape was attached 
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on top of PVDF and IDE circuit and then worked together as a new 
structure flexible membrane in harvesting electric potential 
difference of low-frequency vibration. The schematic diagram of 
the flexible piezoelectric vibration energy harvester (FPVEH) 
designed in this study is shown in Figure 2. 

 
Figure 1: Schematic diagram of IDE circuit Design A. 

 
(a) 

 

(b) 

Figure 2: Schematic diagram of the flexible piezoelectric vibration energy 
harvester; (a) top view and (b) side view. 

The thicknesses of the 3M tape, PVDF, Cu and PI are shown 
in Table 2. The contribution in this design of FPVEH is a cavity 
added between PVDF and PI and clamped by electrode fingers at 
both ends left and right. It gives more flexure to the membrane and 
oscillates smoothly if there an external force acting on both top and 
bottom membrane. The four IDE circuit designs were created 
using Proteus 8 software; these are illustrated in Figure 3. The 
fabricated IDE circuit is depicted in Figure 4, whereby the yellow 
material is a coverlay made from PI and the shiny circuit is made 
from Cu. The completed fabrication of the FPVEH is shown in 
Figure 5. 

Table 2: The thickness of material in flexible piezoelectric vibration energy 
harvester design. 

Material name Thickness (mm) 

3M tape 0.88 

PVDF 0.11 

Finger electrode, Cu 0.035 

Polyimide, PI 0.025 

The readout circuitry for the energy harvester system is 
presented in Figure 6, and it is also called a full-bridge rectifier 
circuit, consisting of four diodes, a capacitor and a resistor. This 
full-bridge rectifier circuit converted the AC electric potential 
difference from the FPVEH into DC voltage and stored it in a 
capacitor. The value of the capacitor was 47 μF and it was used as 
a filter to reduce the ripple voltage while also acting temporary 
storage. The resistor had a value of 1 kΩ and was used as a load. 
A 1N4007 diode was considered suitable for use in low-power 
consumption because its peak-to-peak voltage was around 70 V. 

 
Figure 3: The four IDE circuit design in Proteus software. 

 

Figure 4: A fabricated IDE circuit. 

 

Figure 5: The completed fabrication of the FPVEH. 

 

Figure 6: A full-bridge rectifier circuit. 
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2.2. Simulation Method 

In the FEA simulation method, COMSOL Multiphysics 5.0 
presented the direct piezoelectric effect on the piezoelectric 
material and elastic material.  Firstly, defined the gravitational 
acceleration as amount 9.764 ms-2 in parameter definitions. A mass 
is represented of a pressure or a load per unit area with 0.5 MPa 
also has been defined in parameter definitions. 

Then, set up the geometry in the geometry column. The flexible 
circuit consists of polyimide and copper, Cu is shown in Figure 7. 
Then, the geometric has been set up until the geometric structure 
shown in Figure 8. It consisted of 3M tape at the top layer followed 
by PVDF, copper and polyimide. 

Then, set the material properties in the material properties column. 
The material properties of all materials are shown in table 3. 

Table 3: Mechanical properties of all material 

Material 
name 

Mechanical properties 

Young’s 
modulus 

(GPa) 
Poisson ratio 

(na) 
Density 
(kg/m3) 

PVDF 8.3 0.18 1780 

Copper, Cu 128 0.36 8920 

Polyimide 7.5 0.35 1420 

3M Tape 0.0045 0.499 980 

 

 
Figure 7:. Top view of set up flexible circuit in the geometric column in 

COMSOL Multiphysics 

Next, select the suitable physics studies such as solid 
mechanics, electrostatics and Multiphysics. Selected the proper 
domain and put in physics studies column. For example, all 
materials are solid, then all domain belongs to solid mechanics. In 
solid mechanics, both ends at the left and right of the FPVEH are 
clamped. These clamped made the FPVEH oscillated freely when 
there was an external force acted on the surface of the membrane 
from the top or bottom. Then, select PVDF as an electrostatic 
domain. PVDF is a material that can convert mechanical property 
to electrical property and put the domain it into electrostatics study. 

Then, select the suitable mesh, for instance, used size normal 
in the range 0.342 mm to 1.9 mm, used swept and the distribution, 
and select all domain put into distribution column. The mesh of 
geometry is shown in Figure 9. 

 
Figure 8: Side view of completed geometric setup in COMSOL Multiphysics 

 
Figure 9: Mesh of geometry 

Then, select the frequency domain as the study method. 
Furthermore, selected frequency range from 0 to 10 kHz with step 
0.5 kHz as frequency input and put into the frequency domain. 
Lastly, in the result, the electric potential and electrical 
displacement were selected for plotted the graph. In electric 
potential result, the graph total voltage against frequency input has 
been plotted whereby in electrical displacement, the graph 
membrane displacement against frequency input has been plotted. 

2.3. Experimental method 

In this experimental, two parameters have been studied such as 
the effects of different electrode finger width of FPVEH and the 
effect of the different gap between electrodes of FPVEH during 
vibration. The electrical output voltage has been used as a 
benchmark of different studies to indicate the performance of the 
energy harvesting device. The four designs of FPVEH with 
different electrode finger and the different gap between electrodes 
have been tested using a sieve shaker to characterize their 
performances. 
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In experimental, a sieve shaker machine has been used to apply 
a vibration effect to the FPVEH. The FPVEH was placed on top of 
sieve shaker with both ends clamped using foam tape. Foam tape 
was worked as clamped at both ends as shown as a triangle in 
Figure 10 (a). The gravitational acceleration as amount 9.764 ms-2 
has been set up to the sieve shaker machine with 0.5 MPa mass 
load. As one of the aimed of this research is to obtain electric 
harvesting energy from the rotary compressor within the range of 
frequency noise 1 to 10 kHz. In the laboratory, there is no 
calibrator machine can support 1 kHz to 10 kHz vibration. 
However, this sieve shaker machine can be operated at 5 kHz and 
7 kHz only. Since the operation frequency, 5 kHz and 7 kHz are 
still in the range of rotary compressor frequency noise (1 kHz to 
10 kHz), this sieve shaker machine has been used as a calibrator 
vibration machine.  

The sieve shaker has a function to set time duration. The time 
duration can be used for investigating the energy stored in the 
period of time.  The sieve shaker can support the period of 1 
minute, 5 minutes, 10 minutes, 15 minutes and 20 minutes.  

The output measurements comprised the electric field charge 
collected in the capacitor. Each of four designs (Design A to D) 
energy harvesting device was placed on top of the sieve shaker 
machine, and its electrodes were connected to the readout circuitry. 
The output of readout circuitry was measured by multimeter, and 
then it was observed and recorded the measurements. The 
experiment utilized the sieve shaker vibration machine to 
characterize the performance of four designs of different electrode 
finger width of FPVEH and different of the gap between electrodes 
of FPVEH that caused by vibration were shown in Figure 10. 

 
(a) 

 
(b) 

Figure 10: The experimental method to characterize the four designs with a different 
electrode finger width of FPVEH and the different gap between electrodes of 
FPVEH caused by vibration, (a) the schematic diagram, and (b) test field. 

3. Results and Discussion 

This section is divided into two parts that, respectively, present 
the simulation results and the experimental results. In the 
simulation results, two investigations were conducted to examine 
the effect of different IDE electrode finger widths and different 
IDE electrode gaps on the displacement of the membrane and the 
subsequently harvested an electric field accordingly to frequency 
input given. In the experimental result, the investigations were 
done on four designs with different electrode fingers width and 
different electrode gap (Design A to D) that have been affected on 
potential different, V by the energy harvesting device. 

3.1. Simulation Results 

FEA simulation is performed to characterize the total 
displacement of the membrane and the total electric potential 
difference harvested caused by the different of IDE electrode 
finger width and IDE electrode accordingly to the frequency input 
given. Figure 11 presents the simulation results for an IDE 
electrode finger width and gap of 1.0 mm and 1.0 mm, respectively 
for input frequency, 5000 Hz.  

 
(a) 

 
(b) 

Figure 11: Simulation results for an IDE electrode finger width of 1.0 mm and an 
IDE electrode finger gap of 1.0 mm according to 5000 Hz; (a) displacement of the 
membrane (mm), (b) and total electric potential difference (V). 
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Figure 11(a) shows that the centre of the FPVEH membrane 
between the electrodes gap has been displaced by about 5.13 mm 
towards the negative z-axis at a frequency of 5000 Hz. The gap 
between the electrode fingers created a cavity between the PVDF 
and the polyimide. Therefore, the displacement of the flexure 
membrane increased when pressure was exerted on the surface of 
the FPVEH. Figure 11(b) shows that the FPVEH has a total electric 
potential difference of 4.87 volts for a frequency of 5000 Hz. 
Hence, Figure 11 was demonstrated the flexural membrane that 
has relation with total electric potential difference harvested by the 
FPVEH. 

The simulation results for the four different electrode finger 
widths and gaps (Design A to D) are shown in Figure 12. The 
results show Design D with electrode finger width 1.0 mm and the 
gap between electrodes 1.0 mm has the highest electrical energy 
harvesting value compare to all design. Furthermore, Design D and 
Design C that has the same electrode finger width are the higher 
electric energy harvester compare to design B and Design A which 
are the smaller size of electrodes fingers width. 

Next, Design D has higher electric energy harvesting compare 
to Design C whereby the Design D has a higher gap between 
electrodes compare to Design C. The Design A and Design B 
which are smaller in electrode fingers width and the gap between 
electrodes has lower electric energy harvesting. Subsequently, the 
vibration frequency has given the impact on harvested electric 
energy at low-frequency vibration applications whereby in the 
results shown the total voltage is highest at 5 kHz vibration 
frequency. It can show that the resonance frequency of Design D 
is at 5 kHz. 

3.2. Experimental Results 
In this section, the experiment results have been demonstrated. 

The investigation on the different electrode finger width of FPVEH 
and the different gap between electrodes of FPVEH were 
demonstrated. As explained in methodology, all four FPVEH 
designs (Design A to D) with different electrode finger and the 
different gap between electrodes were measured using a 
multimeter and sieve shaker as a vibrator calibrator. Table 4 is 
tabulated the experimental results of Design A, Design B, Design 
C and Design D for the different lengths of the periods. 

The tabulated results are plotted in Figure 13. Figure 13 shows 
that the electric potential difference harvested by all four designs 
(Design A to D) increase relative to the increase in the length of 
time.  Design D has an electrode finger width of 1.0 mm and a gap 
between the electrode fingers of 1.0 mm, and it has the highest 

electric potential difference value compared to the others. In 
addition to that, Design D and Design C with an electrode finger 
width of 1.0 mm have higher electric potential difference value 
compare to Design A and Design B that have lower an electrode 
finger width at 0.5 mm. Therefore, the wide electrode finger width 
has affected the electric potential difference value to increase.   

 
(a) 

 
(b) 

Figure 12: Simulation results for the four different electrode finger widths and gaps 
based on different frequency input; (a) total voltage (V) vs frequency (Hz), and (b) 
total displacement (mm) vs frequency (Hz). 

Furthermore, Design D has higher electric potential difference 
value compare to Design C which indicates the gap between 
electrode fingers also affected an increase of electric potential 
difference value. Therefore, the increase of the electrode fingers 
gap has higher electric potential difference value. 

Next, it can be seen that the electric potential difference 
harvesting in Figure 13(a) has a higher value compared to the value 
in Figure 13(b). The electric potential difference harvested in the 
experiment using the sieve shaker machine at 5 kHz was higher 
than at 7 kHz. Hence, the frequency vibration will affect electric 
energy harvesting by FPVEH.  

In Figure 13 (a), Design D with an electrode finger width of 1.0 
mm and electrode finger gap of 1.0 mm has the highest electric 
potential difference harvesting at 98.4 volts. The frequency of the 
sieve shaker machine is 5 kHz. 

 
Table 4: Tabulated data for Design A, Design B, Design C, and Design C 

Period 
(min) 

Total Voltage stored (V) 

Design A Design B Design C Design D 

Amplitude 
5 kHz 

Amplitude 
7 kHz 

Amplitude 
5 kHz 

Amplitude 
7 kHz 

Amplitude 
5 kHz 

Amplitude 
7 kHz 

Amplitude 
5 kHz 

Amplitude 
7 kHz 

1 12.6 10.4 17.1 15.5 20.1 18.9 27.3 23.0 

5 36.8 35.0 44.8 42.2 46.0 44.0 52.2 50.8 

10 51.3 50.3 56.2 54.1 61.2 60.7 64.1 63.4 

15 65.9 64.5 73.0 71.3 75.7 75.0 82.0 81.5 

20 72.9 72.0 86.2 84.7 89.0 88.9 98.4 96.4 

http://www.astesj.com/


K.A. Ahmad et al. / Advances in Science, Technology and Engineering Systems Journal Vol. 5, No. 5, 1042-1049 (2020)  

www.astesj.com     1048 

 

 

(a) 

 

(b)

Figure 13: Total electric potential difference by experimental vibration results for the different designs and different lengths of time; (a) 5 kHz vibration and (b) 7 kHz 
vibration. 

Table 5 shows the summary of the previous study that designed 
the vibration piezoelectric energy harvesting and their 
performances. The highest voltage has been harvested by [21] at 
12 V with a resonance frequency of 19.1 Hz. The design can 
energise high voltage however, it needs to tune their frequencies 
until it reached the high electrical potential differences. The 
previous design was used PCB as substrate and it was hard to bend, 
thus the flexible circuit has been used to replace PCB as a substrate 
that can bend together with PVDF substrate. Therefore, more 
electrical energy has been produced. In this work has shown the 
significant performance in increasing the electric energy 
harvesting.  

Table 5: Summary of previous study and their achievement. 

Author Method Achievement 

[22] 

Design PEH using 
clamped-clamped 
beam with proof 

mass. 

Voltage: 4.5V at 1 g 
Resonance Frequency: 

42.8 Hz 
Displacement of plate: 

1.56 mm 
Stress: 8Mpa 

[23] 

Design multi-layer 
piezoelectric 

energy harvester 
(MPEH). 

Voltage: 3.79V at 1 g 
Resonance frequency: 

91 Hz 

[24] 
Design PEH based 

macro-fibre 
composite 

Voltage: 2.8 V 
in 2.12 s 

Resonance frequency: 8 
Hz 

[25] 

Design 
metamaterial beam 
with double-layer 

resonators. 

Voltage: 0.48 V 
Resonance frequency: 

348 Hz 

[21] 
Design PEH based 
cantilever tunable 

beam. 

Voltage: 12 V at 0.7 g 
Resonance frequency: 
120 rad/s = 19.1 Hz 

[1] 

Previous work, 
design 

interdigitated 
electrodes on the 
PCB board with 

PVDF membrane 
and 1.0 mm finger 

width. 

Voltage = 322 mV at 1 
(9.764 m-2)  g 
and 1 minutes, 

Voltage = 0.005 V at 1 
s. 

Frequency = 50 Hz 

This work. 

Design flexible 
piezoelectric based 

on PVDF and 
polyimide 
substrate. 

Voltage = 27.3 V at 1 g 
(9.764 m-2) and 1 

minutes, 
Voltage = 0.455 V at 1s. 

Frequency = 5 kHz. 

4. Conclusion 

This paper presented an investigation into the effect of 
electrode finger width as well as the gap between the electrode 
fingers and vibration frequency on the potential difference 
harvested by an FPVEH. The novel of FPVEH presented here was 
successfully designed and fabricated using IDEs, a flexible printed 
circuit, PVDF and 3M tape. The new structure flexible membrane 
and novel cavity design in FPVEH were successfully presented in 
this paper.  

The experiment showed that the electrode finger gap had a 
greater effect on the electric potential difference harvesting by the 
FPVEH than the width between the electrode fingers. In this 
experiment with different setting frequencies at vibration machine 
was shown that the electric potential difference harvesting by all 
four designs using vibration machine at 5 kHz have higher than the 
electric potential difference harvesting by all four designs using 
vibration machine at 7 kHz. This indicates the vibration frequency 
has affected the electric potential difference has been harvested. 
Design D is the best design that harvesting the highest electric 
potential difference of 98.4 volts with a frequency input of 5 kHz. 
These concluded that the increases of electrode finger gap of 
FPVEH, and the wide of electrode finger width of FPVEH can 
increase the potential difference that harvesting by FPVEH. 
Moreover, the vibration frequency was also gave affected to 
energy harvesting when the results show that the vibration of 5 kHz 
has higher electric potential difference compare to vibration of 7 
kHz that been harvested by FPVH.  
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Furthermore, a cavity that is a gap between electrodes has 
caused the increases of electrical energy harvesting by FPVEH. As 
a recommendation for future research, we propose the use of a 
power bank as a form of storage that can keep the electrical energy 
harvesting. 
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