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ABSTRACT: With the advantages of superior wear resistance, mechanical durability, and stability, the liquid−solid
mode triboelectric nanogenerator (TENG) has been attracting much attention in the ﬁeld of energy harvesting and
self-powered sensors. However, most reports are primarily observational, and there still lacks a universal model of
this kind of TENG. Here, an equivalent circuit model and corresponding governing equations of a water−solid
mode TENG are developed, which could easily be extended to other types of liquid−solid mode TENGs. Based on
the ﬁrst-order lumped circuit theory, the full equivalent circuit model of water−solid mode TENG is modeled as a
series connection of two capacitors and a water resistor. Accordingly, its output characteristics and critical inﬂuences
are examined, to investigate the relevant physical mechanism behind them. Afterward, a three-dimensional water−
solid TENG array constructed from many single-wire TENGs is fabricated, which can not only harvest tiny amounts
of energy from any movement of water, but also can verify our theoretical predictions. The fundamentals of the
water−solid mode TENG presented in this work could contribute to solving the problem of electrical phenomena on
a liquid−solid interface, and may establish a sound basis for a thorough understanding of the liquid−solid mode
TENG.
KEYWORDS: triboelectric nanogenerator, water−solid mode TENG, water−solid interface, electrical double layer,
Wang’s hybrid layer

INTRODUCTION
Researchers have attempted to understand and utilize contact
electriﬁcation (CE) for many centuries.1−4 CE occurring at
liquid−solid interfaces usually endows the liquid (water or an
aqueous solution) with speciﬁc electric charges, which
accordingly leads to the formation of an electrical double
layer (EDL) within the ﬂuid.5−8 A well-known example is that
when the water surface is broken or brought into contact with
a solid, electric charges are generated on the interfaces, and an
EDL is formed in this complex system. Recently, it has been
proposed that there are two steps, including the electron
© XXXX American Chemical Society

exchange and ion adsorption, for the generation of an EDL,
which will be comprehensively researched in the foreseeable
future. This two-step model is called the Wang model for EDL,
Received: January 28, 2021
Accepted: April 26, 2021

A

https://doi.org/10.1021/acsnano.1c00795
ACS Nano XXXX, XXX, XXX−XXX

Article

www.acsnano.org

ACS Nano

www.acsnano.org

Article

Figure 1. (a) Schematic diagram of the water−solid triboelectric nanogenerator and (b) photograph of the moving part setup. (c) Typical
electrical double layer formed on the water−dielectric interface area and the relevant variation of electrostatic potential (φ) with distance x
from the electrode. (d) The full equivalent circuit model of the water−solid triboelectric nanogenerator. (e) Step-by-step illustration
showing the working principle of the water−solid mode triboelectric nanogenerator.

and the relevant hybrid layer is called Wang’s hybrid layer.9−11
On the other hand, CE occurring at water−solid interfaces is
utilized to harvest energy in the small-scale energy range from
macroscopic to microﬂuidic devices.12−17 Moon et al. has
demonstrated that mechanically changing the contact area at
the liquid−solid interface essentially modulates the electrical
double layer, thereby generating an electrical current.7 In a
recently study by Xu and Wang et al., it was found that
spreading of a water droplet on an electric generator gains an
enhancement to its instantaneous power density.12 However,
this type of small-scale energy harvesters have to overcome
inevitable diﬃculties in actual applications, such as water
evaporation, water splashing, or extremely small instantaneous
currents generated under a low frequency.14,15
To overcome the above problems, a special energy
harvesting device, that is, the water−solid mode triboelectric
nanogenerator (TENG) has been designed, which can improve
the basic output by several orders of magnitude over the
droplet-based devices as mentioned above. This is mainly
because a droplet is replaced by great quantities of water,
which leads to the increase in contact area, making the
interfacial eﬀect more obvious. For instance, a highly

symmetric three-dimensional (3D) spherical-shaped waterbased TENG was designed by Shi et al., which can be
eﬀectively utilized to harvest energy from water waves with
random direction/amplitude because its inner surface and
outer surface are in direct contact with the water.18 To date, a
large number of water-based mode TENGs have been
invented,16,17 owing to the great advantages of this type of
TENG, such as superior wear resistance, good mechanical
durability, and stability, etc.19−23 These consistent reports are
primarily observational, however, and they are generally
diﬃcult to reproduce, especially because no universal model
has been developed.
In this work, we have achieved a comprehensive understanding of the physical mechanisms of the water−solid mode
TENG, through our equivalent circuit model and clear physical
picture. First, the EDLs and corresponding EDL capacitors
(EDLCs) formed on the water−solid interfacial areas are
systematically analyzed. The two EDLCs and the resistance of
the water are connected in series, from which a full equivalent
circuit model and governing equation are proposed, based on
the ﬁrst-order lumped-circuit theory. On mechanically
modulating the EDLs, the voltages across the EDLCs and
B
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water−bottom electrode interfacial area is also a typical
diﬀerential capacitor. Two points should be noted. The ﬁrst
one is about the fundamental basic of charge generation on the
liquid−solid interfaces. It has been proposed by Wang that
electron exchange between the liquid (water) and the solid
(PTFE ﬁlm) at the interface is an inevitable step when CE
occurs, which can be described by an overlapped electron
cloud model between water molecules and solid surface
atoms.25,26 In particular, electron transfer and ion adsorption
usually happen simultaneously. Furthermore, it is apparent that
the EDLCs (including the CEDLC,t and CEDLC,b) can be
mechanically modulated under diﬀerent structure parameters
and motion conditions.
Based on the above analysis, a full equivalent circuit model
of the water−solid mode TENG is proposed. As demonstrated
in Figure 1d, the TENG is modeled by a series connection of
Ci, CEDLC,t, Rw, and CEDLC,b, where Ci represents the timeinvariant capacitance caused by the dielectric material such as
nylon or PTFE. Rw is the resistance of water (the liquid).7
Before the moving part comes into contact with water, there is
a capacitance from the environment. Given that this capacitor
is fairly small, it is regarded existing in at an open circuit
condition, and is represented by a switch L. Moreover, RL
represents the external resistance in the external circuit.
Assume that the contact area (Sw) between the water and
the PTFE changes appreciably during external mechanical
excitation. While the contact area (Sb) between the water and
the bottom electrode is nearly ﬁxed, the moving part moves up
and down within the water. As a result, the total capacitance at
the water-PTFE interface Ctop is approximately proportional to
Sw; on the contrary, the capacitance formed at the bottom
electrode-water surface (Cbot, which is equal to the CEDLC,b in
this device structure) is nearly a constant during the oscillation
period. It should be clear that the thus-formed EDLC is much
smaller than that of the dielectric capacitance in general,13 and
these capacitors are connected in series, so that the CEDLC,t can
be negligible when calculating the total capacitance. Then, we
have (Supporting Information (SI) Note 1),

the potential diﬀerence between the two electrodes change,
consequently giving rise to the generation of a conduction
current in the external circuit. In addition, a three-dimensional
water−solid mode TENG array constructed from many singlewire TENGs is fabricated, which can not only convert energy
from any movement of water, but also verify our predictions
and theoretical analysis.

RESULTS AND DISCUSSION
The typical water−solid mode TENG comprises of a
multidielectric layer constructed from polyimide (Kapton)
tape and polytetraﬂuoroethylene (PTFE) ﬁlms, deionized (DI)
water, and two electrodes. Figure 1a shows a simple schematic
diagram of this device, from which it is seen that the PTFE
(hydrophobic) surface is directly exposed to DI water. A
picture of the substrate attached with the multidielectric layer
is presented in Figure 1b. When CE ﬁrst occurs between the
DI water and the PTFE, negative charges are generated on the
hydrophobic surface and positive charges on the water surface
(Figure 1e). Identifying the origins of the charges on water−
hydrophobic interfaces is inherently challenging, owing to the
uncertainties in their interfacial structures and known surface
chemistry. Here, we accept the postulate that hydroxyl ion
adsorption is the source of charge on hydrophobic surfaces and
that EDLs are formed at the liquid−solid interfaces.24 As
shown in Figure 1e, the negative charges distributed on the
PTFE surface generate an electric ﬁeld, pulling oppositely
charged ions toward this hydrophobic surface and pushing like
charges away from it. Since the opposite electric charges
(counterions) are distributed very near the PTFE surface, they
then shield the water solution from those negative charges.
According to the charge neutrality condition, the total charge is
zero, but the dipole moment close to the interface region is not
zero. This charge distribution structure in the ﬂuid is wellknown as the EDL or the Debye layer.25 Because the geometry
and structure of the charge distribution is equivalent to that of
a conventional parallel plate capacitor, it is regarded as an
electrical double layer capacitor (EDLC), as depicted in Figure
1c. There are two diﬀerent EDLCs formed in the water−solid
mode TENG, with the one distributed at the water−PTFE
surface, while the other is formed at the water−bottom
electrode surface.
Figure 1c illustrates the modeled EDL and EDLC in the
water−solid mode TENG. Note that the double layer is
formed by a compact layer of charges next to the charged
surface (PTFE) followed by a diﬀuse layer extending into bulk
solution (DI water). We assume that the capacitance near the
water-PTFE surface (Ctop) is comprised of two capacitors, Ci
and CEDLC,t, which are connected in series form. The Ci and
CEDLC,t represent the capacitance of the dielectric and the
EDLC formed at the water-PTFE interfacial area, respectively.
It should be emphasized that the Ctop is a nonlinear capacitor
due to the change in the CEDLC,t. Strictly speaking, this CEDLC,t
is a typical voltage-dependent capacitor, and its capacitance is
regarded as a diﬀerential capacitance, which can be calculated
by the rate of the stored charge divided by the rate of change of
the voltage across the EDLC. As the free charges distributed
on the surface of the top electrode vary with time, the total
electric ﬁeld applied on the water−PTFE surface changes,
leading to variation in the charges distributions in both the
compact layer and the diﬀuse layer, and the length of the
relevant EDL. Therefore, the CEDLC,t and Ctop all change with
time. By the same token, the CEDLC,b that is formed at the
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where d0 represents the eﬀective thickness of the multidielectric layer, that is, d0 = d1/ε1 + d2/ε2, where d1, d2, and ε1, ε2
are the thickness and relative permittivity of the Kapton and
PTFE, respectively. The λw and εw are the width of the CEDL,t
and the dielectric constant of water, respectively. In most cases,
d0 ≫ λw/εw, and the second approximation in eq 1 can be
justiﬁed. This is the essential reason why eq 1 can be further
simpliﬁed (SI Note 1). Therefore, variation of Ctop mainly
comes from the changes of eﬀective thickness of the
multidielectric layer d0, while for Cbot it depends critically on
the thickness of electrical double layer λw.
Figure 1e illustrates the charge transfer process in an
operation cycle of the water−solid mode TENG. It should be
noticed that negative charges are generated on the PTFE
surface, and this charged layer remains constant even after the
contact surfaces are completely separated owing to the
electronegative characteristics of PTFE. As depicted in Figure
1e1, when the moving part is immersed in water, the electrons
C
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Figure 2. (a) Open-circuit voltage (VOC) and (b) short-circuit transferred charges (QSC) of the water−solid triboelectric nanogenerator when
the areas of the PTFE and Cu are 25 cm2 and 170 cm2, respectively. Comparison of the VOC for diﬀerent (c) material selections, (d) sizes of
PTFE, (e) sizes of the bottom electrode. (f) Extracted peaks of VOC and QSC for diﬀerent sizes of the bottom electrode. Basic outputs of the
(g) VOC and (h) QSC for diﬀerent velocities of the moving part. (f) Comparison of the open-circuit voltage densities reported in recent years.
Note that the VOC of this work exhibits the largest value.

and the system reaches at an equilibrium state. According to
Kirchhoﬀ’s law, we have

are injected from the water surface to the PTFE surface,
making the contact surfaces oppositely charged. As the TENG
is separated from the water, negative charges remains
distributed on the surface of PTFE, which leads to the electric
potential of the moving electrode lower than that of the
bottom electrode, causing the charges transferred between the
two electrodes to maintain electrostatic equilibrium (Figure
1e2). The generated conduction current in the external circuit
keeps ﬂowing until the moving electrode is completely taken
out (Figure 1e3) of DI water. As the moving part comes into
contact with the DI water (Figure 1e4) again, the charged
PTFE surface will be screened due to the formation of EDL at
the water−PTFE interface; charges ﬂow from the bottom
electrode to the top one, and the counterions in the DI water
(liquid) have to redistribute themselves simultaneously to
eliminate the potential diﬀerence between the two EDLCs
(CEDL,t and CEDL,b). As a result, alternating current (AC) is
generated in the external circuit. When no electrons are
transferred, the voltage between the two EDLCs becomes zero,

S bσb − Q
Q
−
=0
C bot
C top

(3)

here σb is the charge density distributed at the bottom
electrode, and Q is the decrement or increment of charges in
the CEDL,b or CEDL,t in the equilibrium state. In such state, since
the Cbot is much larger than the Ctop in most cases (SI Note 1),
the electric charges distributed in the top EDLC should be
much smaller than those distributed in the bottom EDLC. As a
result, the potential diﬀerence between the two EDLCs is
strongly depended on the time-variation of Ctop. In the
nonequilibrium state, assume that the charges stored on Ctop
and Cbot are Qtop + Q and SbσT − Q, and that the voltage across
each EDLC is φtop and φbot, respectively. The voltage
diﬀerence (V) between the two electrodes of the water−
solid mode TENG is given by Kirchhoﬀ’s law:
D
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Figure 3. (a) Schematic diagram of the single-wire TENG. Comparison of the (b) VOC and (c) QSC of the single-wire TENG with increasing
immersion length, and (d) corresponding extracted peaks of VOC and QSC; Note that the depth of DI water is ﬁxed at 14 cm. (e) Extracted
peaks of VOC and QSC at diﬀerent depths of the DI water.

Q top + Q
S bσb − Q
dQ
dQ
−
− Rw
− RL
=0
C bot
Ctop
dt
dt

order when compared with a typical value of the capacitance of
a lateral-slide mode TENG (SI Note 1).34
To investigate the eﬀects of key parameters and the relevant
physical mechanism behind them, the open-circuit voltage
VOC(t), short-circuit transfer charge QSC(t), and total
capacitance C(t) are derived according to eq 5 (SI Note 2):

(4)

and the governing equation can be simpliﬁed as
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where Q(t) is the transferred charge. Accordingly, the timedependent on Ctop and the nearly constant of Cbot make this
governing equation to be a nonlinear ﬁrst-order ordinary
diﬀerential equation; giving rise to the diﬃculty of obtaining
the analytical solution. If the voltage across the RL is VL, it is
obtained by
VL =

VRL
RL + R w

VOC(t ) =

S bσb
σd
− w 0
C bot
Sw

(7)

Q SC(t ) =

S bσb − σwd0C bot /ε0
1 + C bot /C top

(8)

C(t ) =

ε0εw
λ w /S b + d0εw /Sw

(9)

From eqs 7−9, the basic outputs of the water−solid mode
TENG can be quantitatively predicted. In addition, we have
already pointed out that nanogenerators use displacement
current as the driving force to convert mechanical energy into
electric power/signals.3,28,29 This deﬁnition also applies to the
liquid−solid model TENGs from the ﬁrst-principles of classical
electrodynamics. In other words, the output characteristic of
the water−solid mode TENG is controlled by the Maxwell’s
displacement current (ID). All-around analysis and simulation
of this problem will be developed in our next work.
The basic outputs of the water−solid mode TENG are
illustrated in Figure 2. The peak VOC shown in Figure 2a is
approximately 375 V, which is more than twice the VOC
reported in ref 12 and also is several orders of magnitude
larger than that of the droplet device designed by Moon et al.7

(6)

On the other hand, it has been proved that the solid−solid
mode TENG is neutral at any time, and this is the essential
reason why it is equivalent to an open circuit voltage (VOC)
connected in series with a variable capacitor.27−31 For the
water−solid mode TENG, its full equivalent circuit model is
modeled as a series connection of two capacitors Cbot and Ctop,
and a water resistor Rw. Through mechanically modulating the
two EDLs along with the interfacial areas, mechanical work is
converted into electrical energy. Some works have been
published to demonstrate the exploitation of EDLC for energy
conversion.32,33 In addition, we have proved that the total
capacitance of this mode TENG is approximately in the same
E
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Figure 4. (a) Schematic diagram of the three-dimensional water−solid TENG array, constructed from many single-wire TENGs. (b) The
equivalent circuit model of the TENG array. (c,d) Transferred charges QSC and the extracted peaks of QSC enhancement with the increase of
the integrated wire number. (e-f) Open circuit voltage VOC and the extracted peaks of VOC with the increase of the integrated wire number.

It is apparent that the peak QSC (Figure 2b) is as high as 160
nC. In the case of the droplet device, its outputs are usually
limited by the capillary length of the water bridge formed
between the contact surfaces or the interfacial eﬀects.35
Moreover, it has been proved that the electrical performance
of a general solid−solid mode TENG is strongly aﬀected by a
group of factors, such as the device conﬁguration, structure
parameters, operation conditions, etc.28,36,37 These conclusions
are also applicable to the liquid−solid mode TENGs. As
illustrated in Figure 2c, the VOC of the water−solid mode
TENG is greatly enhanced when the multidielectric layer is
utilized; but similar results cannot be achieved by the
utilization of either the Kapton tape or the PTFE ﬁlm. This
is attributed to the larger eﬀective thickness of the multidielectric layer (d0), that is, increasing the d0 results in a bigger
VOC. Note that the hydrophobic material PTFE leads to a

higher output voltage primarily because of its high chargegeneration capability.38
The results presented in Figures 2d−f show that increasing
the contact area improves the VOC and QSC, which can be
proved quantitatively using eqs 7 and 8. For instance, either
increasing the L or the x(t) in eq 7 generates a larger VOC.
Apart from the contact area, the improvement of the relative
velocity can enhance the basic outputs as well (Figures 2g,h).
Assume that the moving part is driven with a typical sinusoidal
motion and that the x(t) is described in the model via: x(t) =
xmax/2/(1 − cos ωt), where xmax and ω represent the largest
relative movement and angular frequency, respectively. It is
easily found that the VOC (and QSC) are functions of the
velocity. A larger velocity results in a larger moving distance,
and then the contact area at the water−PTFE interface is
increased at the same time, so that many more charges are
F
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exhibits a high scalability for constructing a TENG array, and
oﬀers the possibility of integrating and directly powering
various functional sensors. On the other hand, due to the easily
deformed nature of water, the TENG array system is ﬂexible
enough to absorb and convert every water movement while
accommodating each small vibration from external mechanical
triggering. For the better understanding of the TENG
operation, optical photos and videos of the single-wire
TENG and the three-dimensional TENG array are provided
to show the behavior of water movement and the TENG in
energy harvesting situation (SI Figures S3 and S4, and SI
movies). Brieﬂy speaking, connecting many single-wire TENGs
together can eﬀectively improve the electrical output.

transported between the two electrodes. It should be clear,
however, that the surface charge density at the water−PTFE
interface is approximately 10 μC/m2, which is signiﬁcantly
lower than that for the EDL (50 mC/m2) reported by Wu et
al.13 In other words, although the formation of negative charge
is observed on the hydrophobic surface in our experiment, the
number of charges participating in transport is smaller than the
available charges at the EDL. Hence, extracting more charges
from the EDL to participate in the transport in the external
circuit should be the focus of attention on in the next step of
the work. Figure 2f presents a comparison of the VOC densities
reported in recent years, from which it is seen that the VOC
density of this work exhibits the largest value.39−43
Using the advantages of the water−solid mode TENG, a
single-wire geometric structure device was designed. As
demonstrated in Figure 3a, a single Cu wire with a diameter
of 2 mm was utilized as one electrode. When the moving part
constructed from the Cu wire and the multidielectric layer
moves up and down in the DI water in a tube, leading to the
generation of conduction current in the external circuit. Since
there is no substrate, this method reduces the size and weight
of the TENG, and thus improves the system’s volume
utilization. Although only very little DI water is stored in the
tube, excellent outputs are observed in Figures 3b,c. As the
immersion depth (represented by h) becomes gradually larger
from 2 to 14 cm, the VOC and QSC increase simultaneously,
owing to the increase in the contact area between the water
and the PTFE surface. Furthermore, there is nearly a linear
relationship between the VOC (and QSC) and the immersion
depth (Figure 3d), and the similar phenomena can be found
from the corresponding density of VOC and QSC (SI Figure S1),
from which a type of self-powered displacement sensor could
be fabricated and applied in practical applications. It should be
noticed that the depth of DI water is ﬁxed closely to14 cm in
above-mentioned tests. Interestingly, we can observe the same
phenomenon when the depth of DI water changing from 2 to
14 cm, as demonstrated in Figure 3e and SI Figure S2. As
proved before, it is mainly because increasing the contact area
contributes to the transport of more charges in the external
circuit. Developing a set of experimental systems for dynamic
measurements based on a special displacement sensor should
be investigated in future studies. In particular, we have further
noted that when the DI water moved only an extraordinarily
small distance, a highly visible signal was obtained in the
experiment, implying favorable precision and sensitivity of the
device.
Furthermore, a three-dimensional water−solid TENG array
comprising many single-wire TENGs was fabricated, which can
be utilized as an energy harvester to convert mechanical energy
from micro to macro levels, or a self-powered sensor to detect
static and dynamic processes through the voltage or current
signals. As illustrated in Figure 4a, a large number of singlewire TENGs are connected in parallel to construct the threedimensional TENG array. Its equivalent circuit model is
proposed in Figure 4b, where the single-wire TENG is
designated by the letter G. We note that although the basic
output of the TENG array is approximately proportional to the
number of single wires (Figures 4c,e), which is very obvious
from the extracted peaks of VOC and QSC (Figures 4d,f), it is
almost impossible to obtain a very exact association between
the number of wires and basic outputs due to the nonlinear
variation of the total capacitance of this TENG energy
harvesting system. But it suggests that the single-wire TENG

CONCLUSIONS
In summary, an equivalent circuit model of a water−solid
mode TENG is proposed, which allow us to have a better
understanding about the physical mechanism of this typical
energy harvesting device. First, it was found that EDLs and
EDLCs are formed on the water−solid interfaces, which
includes the water−PTFE interface and the water−electrode
interface. Then a full equivalent circuit model of the water−
solid mode TENG is built by a series connection of the two
EDLCs and the water resistor, according to the lumped-circuit
theory. The EDLC is essentially a nonlinear capacitor with
voltage-dependent capacitance, making it arduous to analytically solve the TENG’s governing equation, but it is still an
attractive option for us to quantitatively predict the energy
harvesting process. Furthermore, the inﬂuences of structure
parameters and operation conditions on the electrical response
have been investigated directly, by which the relevant physical
mechanism behind them are in depth discussed. The results
suggest that selecting suitable materials, increasing the contact
area, and increasing the velocity are beneﬁcial to improve the
basic output. On the other hand, a three-dimensional water−
solid TENG array comprising many single-wire TENGs was
designed. This special TENG array can not only convert the
tiny mechanical energy from water movement in random
directions into electricity, but also could be connected into a
network structure for harvesting large-scale energy due to its
high scalability, which would further verify our theoretical
analysis. We expect that our equivalent circuit model and
physical image of the water−solid mode TENG are equally
applicable to a general liquid−solid mode TENG, although
their rationality and practicality need to be conﬁrmed in future
work.
EXPERIMENTAL SECTION
Fabrication of the Water−solid Mode TENG. Figure 1a
presents a schematic diagram of the developed water−solid mode
TENG, and Figure 1b shows a photograph of the moving part
structure. This typical structure was fabricated using a multidielectric
layer constructed from polyimide (Kapton) tape and polytetraﬂuoroethylene (PTFE) ﬁlms as triboelectric materials. The copper (Cu)
layer was deposited on the Kapton tape as electrode, and then they
were attached on a 3D printed substrate board (5 × 5 cm2). Another
Cu layer was attached on the bottom of a Petri dish as the second
electrode. These two electrodes were connected with each other by a
wire to form the external circuit. As depicted in Figure 1a, when the
moving part conﬁguration moves up and down in the deionized (DI)
water, the potential diﬀerences between the two electrodes drive the
ﬂow of electrons in the external circuit and thus generate the current.
Fabrication of the Single-Wire TENG and the ThreeDimensional TENG Array. A schematic diagram of the single-wire
G
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TENG is shown in Figure 3a, in which a Cu wire with a diameter of
1.2 mm is utilized as one electrode. As stated before, this special
conﬁguration can assist in enhancing eﬃciency in the utilization of
space. When many single-wire TENGs are connected in parallel with
each other, a three-dimensional water−solid TENG array can be
constructed, and its schematic diagram is presented in Figure 4a.
Characterization and Electrical Measurements. The electric
output signals, including the transferred charges (QSC), and opencircuit voltage (VOC) of these TENG devices, were measured by a
digital oscilloscope (Agilent, DSO-X 2014A) and a current
preampliﬁer (Keithley, 6514), respectively.
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