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a b s t r a c t   

Dielectric elastomers are effective ambient motion energy harvesters due to their flexibility, high energy 
density, and their ability to match low frequency unsteady motions. However, the dielectric elastomer 
generator (DEG) is in reality a charge pump, which requires an external supply of electrical charge to work 
as an energy harvester. In this work, the DEG is coupled with a contact-mode triboelectric nanogenerator 
(TENG) to form a hybrid. The TENG autonomously produces charges by contact electrification and the DEG 
in turn amplifies the electrical output by raising the charges to a higher electrical potential. In addition, 
dielectric elastomer exhibits dielectric strength two orders of magnitude higher than air, thus enabling 
delivery of a higher output voltage than that by TENG only. Both the TENG and the DEG converts mechanical 
motion to electrical energy via capacitance change. This makes them physically compatible for easy in
tegration. We first analyze the coupled system and identify the optimal conditions that maximizes output 
yield in the shortest amount of time. We found that, the maximum output was realized when the TENG and 
DEG were excited perfectly out-of-phase for same input frequency. We showed that the DEG is ideally able 
to amplify the voltage output from TENG that is proportional to the capacitance change ratio of the DEG. By 
the same token, the maximum power will also be amplified proportionally for a constant current system. 
Our experiment showed that 260% and 180% DEG capacitance change can produce saturation voltage 
amplification of 2.7 and 2, respectively. Our work demonstrated dielectric-elastomer-enhanced output of a 
TENG and presented the optimal conditions for maximal amplification. 

© 2021 Elsevier B.V. All rights reserved.    

1. Introduction 

Dielectric elastomers (DE) have been shown to exhibit high en
ergy density [1], with theoretical figures of above 1 J/g, and at least 
0.7 J/g in optimized experiments [1–3]. Conversion efficiencies of DE 
generators lie in the range of a few percent and up to 30%, which is 
dependent on the speed of operation and the mode of deformation  
[4]. DE generators also exhibit good impedance matching owing to 
their stretchable nature and are low cost and lightweight [1,5,6]. The 
key differentiating factors that DE has over conventional electro
mechanical transducers are its high dielectric strength, high 
stretchability and the capability of undergoing capacitance change of 
above 1000 times [4]. Such factors allow DEs to deliver output yields 

of at least one order of magnitude higher than existing technolo
gies [7,8]. 

However, the central obstacle that is preventing DE generators 
from widespread deployment and commercialization is its inability 
to generate electric charge by mechanical stimulus alone; it requires 
polarization charges from an external source. Previous works on DE 
generator development have often been focused on tethering DEGs 
to a priming source. The need for a high voltage priming source 
presents further barriers due to user safety and the bulkiness of 
the source [9–11]. The closest that DE generators come to large-scale 
deployment is the introduction of a self-priming circuit [12–14]. The 
self-priming circuit picks up small amounts of charge from a low 
voltage source, for instance, a battery, and then circulates the 
charges between itself and the DE generator, in order for the elec
trical charges to be raised to a sufficiently high potential that realizes 
the promise of a high energy output. However, a DE generator 
tethered to a self-priming circuit still requires an external battery 
and the priming circuit itself, which are often still too bulky to be 
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used for small-scale applications [15] like that of a human footfall 
energy harvester. Further developments were made in the form of 
tethering the DE to electrets [16,17]. However, the need for the 
electrets to be recharged periodically somewhat diminishes its ad
vantage over autonomous systems like piezoelectrics [18,19] and 
more recently, triboelectrics [20]. 

We couple the DE generator with a contact-mode triboelectric 
generator. We term this the Dielectric-Triboelectric Generator 
(DETEG). The triboelectric generator, commonly known in its na
nogenerator form as Triboelectric Nano-Generator (TENG), is re
ported with output yields of up to 500 W/m2 in power flux [21]. 
This presents a leap in terms of power generation for low fre
quency motion-based energy harvesting [22,23]. Triboelectric 
transduction involves the generation of opposite electrostatic 
charges on two electrically dissimilar surfaces when they come 
into contact, reminiscent of electrostatic charges generated by 
friction. Subsequent separation of the surfaces will induce an 
electric potential across it. Varying the separation distance of the 
surfaces by mechanical motion will raise the electrical potential, 
thereby generating electrical energy. TENGs are low-cost, with the 
ability to effectively scavenge low frequency random motions. 
TENGs have been demonstrated in many configurations [24,25]. 
They have also been modeled [26,27] and implemented with some 
low frequency applications such as to harvest biomechanical  
[22,23,28] and wind [29] energies. 

Although the output voltage of TENG scales with the surface 
charge density of the contact surfaces, there is a limit on surface 
charge density [30], as determined by the electric field break down 
of air between TENG layers that is around 3 MV/m [31,32]. The 
voltage between TENG layers must be below the air breakdown 
voltage over the separation distance [30]. For dielectric elastomer 
generators, the DE membrane has a breakdown strength of one to 
two orders of magnitude higher than air [33–35]. Thus, a much 
higher voltage could be sustained across DE membrane. This would 

make DETEG more suitable with ultra-high voltage applications such 
as the powering of dielectric elastomer actuators (DEA) [36,37], self- 
powering of electrospinning systems [38] and plasma generation  
[39]. In addition, higher voltage provided by the integration of DE 
with TENG implies a higher output energy and power. 

We present a dielectric elastomer generator (DEG) hooked up to 
a triboelectric nano-generator (TENG) to allow a higher energy 
density of low frequency ambient motions to be harvested via the 
voltage amplification of DEG. A contact mode TENG is connected to a 
DEG via a rectifier bridge, to sustain a positively-biased priming 
voltage. We connect the DEG to a load capacitor as a simple and 
practical way to illustrate energy transfer and storage. An input 
motion to TENG will generate opposite charges on the contact sur
faces. These charges set up an electrical potential when the contact 
surfaces separate from each other. When the electrical potential 
becomes large enough, electrical charges will be transferred to the 
DEG via a rectifier bridge (Fig. 1). The electrically-charged DEG will 
in turn be cyclically-deformed so as to further amplify the electrical 
potential of the charges. The output charges will then be stored on a 
load capacitor. We simulate DETEG system using MATLAB/Simulink. 
MATLAB/Simulink consists of toolboxes that facilitate the modeling 
of linear and non-linear circuit elements, which are extremely suited 
to model our TENG and DEG/load capacitor as linear circuit ele
ments, and the diodes as non-linear elements. We use our simula
tion to determine optimal conditions that maximize voltage 
amplification and charging speed. We then performed an experi
ment to verify our simulation results and estimate the output per
formance of a physical prototype. 

2. Mathematical models of TENG and DEG 

The voltage of a contact mode triboelectric nanogenerator is 
given as [40]: 

Fig. 1. Contact mode triboelectric nanogenerator (TENG) is coupled with (DEG) to form a dielectric-triboelectric generator (DETEG): (a) Schematic of DETEG; (b) DETEG equivalent 
circuit modeling; (c) Simulation of the load capacitor voltage while charging by DETEG and TENG systems at ( = 100%max ). Charging zones and saturation voltages are illustrated. 
“DEG charging zone” starts at approximately =t 1.25 sec and (d) The DETEG experimental prototype. 
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where VT is the voltage between TENG electrodes, x is the separation 
distance between triboelectric surfaces, Q is the amount of electrical 
charge transferred from the TENG through an extend electrical cir
cuit connected to it, is the surface charge density of the tribo
electric surface pair, Z is the overlap area of the triboelectric layers, 
and d is the thickness of the dielectric layer. The above equation 
shows that the voltage on a TENG is equivalent to two circuit ele
ments – an AC voltage source =V x( / )oc o , and a variable capacitor 

= +( )( )C Z x/T o
d

r
connected in series (Fig. S1a) [28]. The input 

motion for the TENG is idealized as simple harmonic motion, as 
shown in Eq. (2) below: 

=x t
x

f t( )
2

(1 cos(2 ))max
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where xmax is the maximum separation distance between tribo
electric surfaces in the TENG and fT is its harmonic frequency of 
oscillation. 

We couple a dielectric elastomer generator (DEG) to a TENG via 
bridge rectifier as shown in Fig. 1. A series of mechanical deforma
tion of DEG leads to capacitance change. We define the capacitance 
at the deformed state as follows: 

= +C C (1 )D o (3) 

where Co is the capacitance of DEG in an undeformed (reference) 
state, and CD is the capacitance in its deformed state, which is time- 
variant. Hence: = C C/D o, which is the change in capacitance 
normalized with its undeformed capacitance, we term the capaci
tance change ratio. Limiting to only tensile deformation on the 
elastomer, varies from zero to any prescribed maximum value max. 

The magnitude of capacitance change in a DEG depends on the 
geometrical configuration of the DEG and its amplitude of me
chanical deformation [2,4,41,42]. In general, capacitance change may 
range from a few times its initial capacitance, to more than 1000 
times in the equal-biaxial mode of deformation [13,41]. To keep our 
simulation generic, we consider only the capacitance change mag
nitude without considering on how the elastomer membrane is 
stretched. From this, we could obtain the net gain in output voltage 
and output energy/power from the DEG. We quantify output gain by 
studying the state of charge of a storage capacitor (CL) connected to 
the DETEG (Fig. 1b). 

3. Performance optimization of DETEG through simulation 

We adopt MATLAB/Simulink physical modeling to simulate the 
systems of TENG and DETEG. It enables modeling of linear and non- 
linear circuit elements easily, which facilities the theoretical analysis 
and optimal design of TENG and DETEG even with complex electrical 
systems and power management circuits. Beyond the current study, 
MATLAB/Simulink enables the integration of TENG and DETEG with 
other electrical and non-electrical physical systems (ex: mechanical, 
hydraulic, and pneumatic) as well as simulations with highly varied 
input signals (by using different Simulink source blocks). Our 

simulation method may hence be used for the simulation of TENG 
and DETEG harvesting systems for real applications. See  
Supplementary information II for details on DETEG system simula
tion using MATLAB/Simulink. 

We benchmarked of our MATLAB simulations with a contact- 
mode TENG connected to a load capacitor through a bridge rectifier, 
presented in a previous work [43]. The case was previously simu
lated using the SPICE (Simulation Program with Integrated Circuit 
Emphasis). The value of the saturation voltage obtained using MA
TLAB/Simulink is 105.1 V (Fig. S2b), while that obtained using SPICE 
was ~ 104.8 V, giving a deviation of less than 1%, which could be 
attributed to numerical rounding errors. 

We study the charging characteristics of a dielectric-triboelectric 
generator (DETEG) on a load capacitor by simulation. The default 
parameters used for simulation of both DEG and TENG are listed in  
Table 1. We again consider simple harmonic motion for the DEG like 
we did for TENG, with a corresponding sinusoidal temporal variation 
of DEG’s capacitance given by: 

= +t f t( )
2

(1 cos(2 ))max
D (4)  

From Eqs. (2) and (4), the initial state of the TENG is when the 
electro-positive surface (Metal 1 in Fig. 1a) is in full contact with the 
dielectric, so that x = 0 at =t 0, and the DEG capacitance will be at its 
undeformed state at =t 0. fD is the DEG’s capacitance variation 
frequency, while is the phase difference between DEG and TENG 
inputs. From (4), if = 180o, then the DEG’s capacitance will be at 
its maximally-stretched state at =t 0. To maximize charge transfer 
from the TENG to the DEG at the start of every charge cycle, we 
select = 180o. We shall subsequently confirm by simulation that 
this phase difference is optimal to achieve maximal voltage gain by 
the DEG. 

Upon contact, charges will be induced on the TENG by contact 
electrification. Upon separation, the electrical potential across the 
TENG will increase and charges will begin to flow to both the DEG 
and the load capacitor. At the initial state =t( 0), we assume there 
are no charges on both the DEG and the load capacitor. To maintain 
voltage equilibrium across the TENG, DEG and load capacitor, 
charges originating from the TENG will be largely absorbed by the 
load capacitor, since =C C10L 0. This further implies that the input 
current into the load capacitor is very much larger than that going 
into the DEG (Fig. 2e–f). The TENG primarily charges the load ca
pacitor, and the DEG participates minimally in charging the load 
capacitor (Fig. 2e) as long as C CL D. Consequently, the TENG bypass 
the DEG and directly charge load capacitor. As the voltage on the 
load capacitor equilibrates with the TENG saturation voltage (Fig. 1c), 
the current flow to the load capacitor will taper off rapidly (Fig. 2f). 
We term the process described above as the “TENG charging zone”. 

Once the voltage on the load capacitor equilibrates with the 
TENG, charges from the TENG will now flow into the DEG. By ab
sorbing charges from the TENG at its high capacitance state, the DEG 
will push the charges to the load capacitor at a higher potential upon 
relaxation to its minimum capacitance. The repeated cyclical varia
tion in capacitance of the DEG will progressively raise the voltage on 
the load capacitor to a higher voltage saturation. We term this new 

Table 1 
Default DETEG parameters used for simulation.      

TENG DEG  

Surface charge density – 40 µC m. 2 Undeformed capacitance – Co 1 nF

Contact surface area – Z 0.005 m2 Max. capacitance change Ratio – max 100% 

Max. separation distance – xmax 0.002 m Capacitance change frequency – fD 5 Hz

Input frequency – fT 5 Hz

Dielectric layer thickness – d 100 µm Load capacitance – CL 10 nF
Dielectric constant – r 4   
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saturation voltage value as the DETEG saturation voltage (Fig. 1c). 
The DEG hence acts as a charge pump, amplifying the voltage 
transferred from the TENG to the load capacitor. We term this pro
cess the “DEG charging zone”. The “DEG charging zone” commences 
after the TENG achieves electrical equilibrium with the load capa
citor. At the final equilibrium state, all three components will equi
librate at a higher final DETEG saturation voltage (Figs. 1c, 2a–c)) by 
virtue of dielectric-elastomer-enhanced output of the DEG. When 
final equilibrium is attained, current flow will taper off to zero 
(Fig. 2d–f). TENG and DETEG saturation voltages on the load capa
citor in our simulation are 110.2 V and 217.8 V, respectively. The sa
turation voltage is amplified to around twice the TENG saturation 
voltage with a 100% DEG capacitance change. Consequently, the 
energy stored on the load capacitor is amplified by 4 times. 

3.1. How much DETEG amplifies voltage 

The maximum DETEG saturation voltage amplification ( max) 
depends on the prescribed capacitance change amplitude max (de
scribed by Eq. (4)). For a given max, max may only be attained if all 
charges from the TENG is transferred to the DEG, and when the DEG 
is at its maximum capacitance state ( =C C )max max 0 . The maximum 
charge (Q max) on the DEG may hence be calculated from the case 
when DEG is fully stretched while being charged by TENG, as 
follows: 

= +Q C V(1 )max max sat TENG0 _ (5) 

where Vsat_TENG is the TENG saturation voltage. 
The DETEG saturation voltage (Vsat_DETEG) is therefore: 

=V Q C/sat DETEG max o_ (6)  

Eqs. (5) and (6), the maximum saturation voltage amplification 
( max) that can be achieved by a given max can be expressed as: 

= = +V
V

1max
sat DETEG

sat TENG max
max

_

_ (7)  

Eq. (7) shows a simple linear relationship between max and max. 
We shall show in subsequent sections that theoretically, maximum 
voltage amplification predicted by (7) would only be attained under 
specific operating conditions, and realistically, it will only be 
achieved in a lossless circuit. 

3.2. Factors affecting DETEG charging performance 

When TENG charges a load capacitor, the charging speed depends 
on the load capacitance (CL) and the TENG characteristics, while the 
saturation voltage (Vsat_TENG) depends only on the TENG character
istics [23,43]. However, when a TENG charges a load capacitor 
through a DEG (DETEG), additional factors like the DEG’s un
deformed capacitance (Co), maximum capacitance change ratio 

Fig. 2. Simulation of voltage, current, and charge on the three elements of DETEG system. (a) Voltage across TENG before rectifier bridge (b) Voltage across DEG (c) Voltage across 
CL (d) Output current from TENG after rectification (e) Input current to DEG. Negative current means output from DEG to CL (f) Input current to CL (g) Charge stored on TENG (h) 
Charge stored on DEG (i) charge stored on CL . 
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( max), DEG’s operating frequency ( fD) and the phase difference with 
TENG’s input motion (∅) will affect the charging performance on the 
load capacitor. 

3.2.1. Phase difference 
Energy harvesting systems usually harvest ambient motion from 

a single motion source, hence, both the TENG and the DEG will be 
excited with the same input frequency. However, depending on the 
physical geometry of the coupled system, a phase difference be
tween their input waves may exist. Fig. 3a shows the normalized 
voltage on CL charged by DETEG at three phase differences (∅), with 
∅ defined in Eq. (4). The simulation results suggest that the system 
with 180° out-of-phase excitation gave the maximum voltage am
plification (Fig. 3b), consistent with that given by Eq. (7). 

Our simulation and previous works [37] showed that the peaks of 
TENG output current (ITmax) are generated in the vicinity of the 
contact state ( =x 0, Fig. 3c and d), just before and after TENG layers’ 
contact. Hence, in order to maximize the charge transfer to DEG and 
consequently saturation voltage amplification, one should match the 
maximum DEG capacitance (C )Dmax to current peaks from the TENG 
I( )Tmax . This synchronization can be easily realized, which we shall 

demonstrate in our experimental prototype later. Mathematically, 
from Eqs. (2) and (4), this represents a 180° out-of-phase excitation 
for the same input frequency (Fig. 3c). Any other values for phase 
difference will lead to the matching of peak current from the TENG 
to a lower DEG capacitance, giving a lower voltage amplification 
(Fig. 3a and b). At the most extreme case of peak current matching 
with the undeformed capacitance (Fig. 3d), no amplification will 
take place (Fig. 3a and b). 

3.2.2. DEG maximum capacitance change ratio 
DEG maximum capacitance change ratio ( max) is the main 

parameter affecting the DEG performance. Higher capacitance 
change means higher mechanical to electrical energy conversion.  
Fig. 4a shows the effect of max on the charging behavior and sa
turation voltage. As suggested by Eq. (7), the saturation voltage in
creases linearly with max (Fig. 4b), and consequently the storage 
energy increases in a quadratic manner. We wish to qualify that the 
quadratic increase in storage energy may further be modified by the 
DEG operating cycle, bounded by its modes of failure [11,21], DEG 
configuration and application size dimensions. However, we shall 
only consider a simplified case of a dielectric-elastomer-enhanced 
TENG of generic capacitance change, identical excitation frequencies 
for both the TENG and the DEG in a sinusoidal fashion and with an 
optimum phase difference ( = °180 ), so as to focus on the ampli
fication characteristics of a DETEG. Other factors mentioned above 
will be presented in a separate study. 

We express the average power stored in CL as: 
= ×P C V time/(2 )avg L L

2 [23]. Pavg increases with the capacitance 
change ratio as well (Fig. 4c). However, at very low or zero max, 
maximum Pavg of TENG is higher than that of DETEG (Fig. 4d). This is 
due to the added impedance from the DEG nominal capacitance (Co) 
on the circuit in a DETEG system. This introduces an impedance 
mismatch to the original TENG only circuit, by the DEG, leading to a 
reduction of maximum power output for the same load capacitor. 
This power loss is compensated when the DEG is stretched, thereby 
increasing its capacitance and reducing the overall impedance. 

A higher max would also boost the charging power for the same 
frequency of excitation. This is because, for the same frequency, a 
higher max would imply a higher rate of change of deformation in 

Fig. 3. Effect of phase difference ( ) on the voltage amplification of a DETEG (simulation): (a) Time variation at three levels of ; (b) Voltage amplification ( ) over one revolution 
of phase difference; (c) TENG output current along with DEG capacitance and TENG separation distance at = 180o and (d) at = 0o. 
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the DEG, thereby pumping charges at a higher rate to the load ca
pacitor, giving a higher average power (Fig. 4c and d). The profile of 
charging power ultimately depends on the transient impedance of 
all three capacitance components of TENG (CTmax), DEG 
( = +C C CD o o max) and the load capacitor (CL). In this simulation 
DETEG maximum Pavg exceeds that of TENG with approximately 

max = 100% (Fig. 4d). DETEG maximum Pavg at = 200%max is about 
1.6 times (80 µW) that of TENG (49.13 µW), while it is about 4 times 
(184 µW) at = 500%max . The maximum Pavg at = 0max is 44.11 µW, a 
little bit less than that of TENG (Fig. 4d). 

3.2.3. DEG undeformed capacitance 
DEG undeformed capacitance (Co) affects the impedance con

tribution towards the DETEG circuit. Hence, it effects the charging 
power and time to saturation. Unlike a TENG-only circuit, a DETEG 
circuit effects charge transfer between three capacitors (TENG, DEG, 
and CL), with two stages of charging. For instance, in accordance with 
the maximum power law, the fastest charging speed during “DEG 
charging zone” can be obtained when the impedance of the three 
systems matches. However, due to the transient nature of both the 
TENG and the DEG capacitance (which constantly varies over time), 
it would be impossible to ensure perfect impedance matching at all 
times. Furthermore, CL is usually large compared to the TENG and 
DEG capacitances, which poses a practical impossibility for im
pedance matching across all three capacitive components. 

Fig. 5a shows the charging behavior of DETEG at different 
C C/o Tmax. In case of lowest C C/o Tmax = 0.1, the combined impedances of 
DEG and CL presents the closest match to the TENG impedance (since 
C C/L Tmax = 10). Hence, it follows that the DETEG demonstrates highest 
charging speed during “TENG charging zone”, when the deformation 
of the DEG is participating negligibly in the charging process, whilst 
charging speed drops during “DEG charging zone”, when the current 
now passes through the deforming DEG. For =C C/o Tmax 1 and 10, the 
charging speed during “DEG charging zone” is the highest, indicating 
good impedance matching between the DETEG components. For 

=C C/o Tmax 1, TENG and DEG impedances’ are matches, while in case of 
=C C/o Tmax 10, the DEG and CL impedances matches. We illustrate in  

Fig. 5b and c that, for any given C C/L Tmax and max there is an optimum 
C C/o Tmax that gives the fastest overall charging speed and the highest 
charging power. 

Practically, it is not recommended to use CL as a direct storage 
unit of the electrical energy generated by DETEG. Direct connection 
with a large storage capacitor (for instance, in the order of milli- 
farads) will result in high impedance mismatch, and consequently 
degradation of the energy transfer and storage efficiency. A design of 
a power management circuit for DETEG is necessary, in order to 
guarantee an efficient energy transfer and storage. Similar to the 
case of only TENG where power management circuits are proposed 
for the same purpose [23,43]. In one case of TENG power manage
ment circuit, a temporary capacitor is inserted between TENG and 

Fig. 4. Amplification and power of a DETEG (simulation): (a) DETEG normalized voltage on load capacitor voltage at different max; (b) Effect of max on the saturation voltage 
amplification; (c) Average power stored on the load capacitor with time while charging by DETEG at different max (d) Effect of max on DETEG maximum average power 
transferred to CL . 
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the storage capacitor. Electronic switches are utilized to allow power 
transfer between the temporary capacitor and the storage capacitor 
only when the charging power of the temporary capacitor reaches its 
maximum value [21]. 

In the presence of power management circuit between DETEG 
and the storage unit, Co needs only to be selected so that TENG and 
DEG impedances are matching each other and guarantee an efficient 
energy transfer between them. This is easily achieved, since Co is 
usually in the same order of magnitude as CTmax. 

4. Experimental illustrations of amplified outputs and charge 
transfer efficiency 

We perform an experiment to investigate the performance of a 
DETEG. We compare the experimental results with our simulations 
to verify our theoretical predications and reveal the sources of 
deviation. An experimental prototype of size 8 × 7 × 6 cm was fab
ricated as shown in Fig. 1d and Fig. 6a. It consists of a contact-mode 
TENG and a ripple configuration DEG [42] (see Supplementary in
formation IV for details of the prototype components, fabrication, 
and measurements). The sizes of the TENG and DEG assemblies are 
about D7 × 2 cm, and D5 × 5 cm respectively. The prototype was 
designed so that both generators undergo the same input dis
placement from a single input motion source as well as working at 
the optimum phase difference as suggested by Fig. 3b (TENG layers 
in contact while the DEG membrane is fully stretched). Ripple 
configuration is selected for DEG, so that small linear stroke can 
induce significant capacitance change on the DEG membrane [18] A 
third-order ripple configuration on the DE membrane was designed 
by inserting the membrane assembly between two cylindrical cups 

with three overlapping internal concentric sleeves. The difference 
in diameter between each sleeve and the corresponding one in the 
opposite cup is the same for all concentric sleeves, so that the 
ripple thicknesses would be the same and equally spaced over the 
membrane. The DEG is an acrylic elastomer VHB4905 membrane, 
pre-stretched to 1.5 times its original diameter, with carbon grease 
used as its electrodes. 

We provide the linear input motion to the prototype by a linear 
actuator, which consists of a stepping motor attached to a linear 
guide through a flexible coupling. The stepping motor has 1 N.m 
holding torque to be able to provide sufficient compression in the 
prototype. The motor has 4 wires connections and controlled by 
MATLAB through an Arduino chip. We vary max by changing the 
internal allowable displacement in the prototype using different 
height spacers (Fig. 6a). Changing of this displacement will be re
flected on TENG input amplitude (xmax) as well. However, the char
ging behavior of contact-mode TENG is almost independent of 
xmax [43,44]. 

Fig. 6b shows the charging behavior of a load capacitor of 4.2 nF 
by a contact-mode TENG and DETEG (see Supplementary movie). 
Average saturation voltage amplification by the DETEG for each max

was obtained from four independent samples. Average saturation 
voltages of 325 V, 305 V, 245 V, and 187 V are obtained at max of 
260%, 220%, 180%, and 104% respectively, while the average satura
tion voltage of TENG only was 122 V. This gave us voltage amplifi
cations ranging between 1.5 and 2.7. These figures differ from the 
lossless system suggested in Eq. (7) because in reality, charge 
transfer from the TENG to DEG and load capacitor will suffer from 
circuit and current leakage losses, as well as mechanical viscous 
losses in the DEG [4]. 

Fig. 5. Relative capacitance between DEG and TENG and its effect on charging speed and power (simulation): (a) DETEG to TENG charging voltage on load capacitor at different 
DEG undeformed capacitances (Co); (b) Charging time constant versus the capacitance ratio C C/o Tmax at different max; (c) DETEG max. Pavg versus C C/o Tmax at different max . All 
graphs are for =C C/ 10L Tmax . is the charging time required for the voltage to reach 63.2% of the saturation value, which equals to (RC) in the equivalent RC-circuit charged by a DC 
voltage source. 
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Supplementary material related to this article can be found on
line at doi:10.1016/j.sna.2021.113270. 

We compute the energy stored in the load capacitor while 
charging by TENG only and DETEG (at =max 260%) to be 0.03 mJ, and 
0.2 mJ respectively. DETEG can charge the capacitor with one order 
of magnitude energy higher than TENG. Regarding the energy den
sity, TENG of D7 × 2 cm size offers 0.39 J m/ 3, while DETEG of total 
8 × 7 × 6 cm size offers 0.6 J m/ 3. This is an advantage of DETEG 
system. If there is an available mechanical energy to sufficiently 
deform the elastomer membrane, DETEG can offer higher energy 
density than TENG only. Fig. 6c shows the experimental values of 
voltage amplification at different max along with the theoretical 
predicated values. Our experiment shows a strong correlation be
tween DETEG voltage amplification ( ) and the DEG capacitance 
change ratio ( max). In an ideal, lossless system, the gradient of the 

max line should be 1, in accordance with Eq. (7). In reality, due to 
imperfect charge transfer and energy losses in the system, for in
stance charge leakage from the DEG and load capacitor, diode cur
rent backflow, non-Ohmic losses and mechanical viscosity, the fitted 
gradient will be less than 1. We propose the usage of this fitted 
gradient as a measure of overall charge transfer efficiency for a 
DETEG circuit ( ). In this work, we have = 65%. 

5. Conclusion 

We use a dielectric elastomer generator (DEG) to amplify the 
output of a triboelectric nanogenerator (TENG), which we termed 
the dielectric-triboelectric generator (DETEG). We used theory to 
determine the limits of voltage amplification of DETEG and identi
fied optimal conditions for this amplification to be maximized. We 
further analyzed a DETEG and showed that the time-to-saturation on 
the load capacitor is minimized when impedance is matched be
tween the TENG and the DEG, while maximum average power may 
not be absolutely maximized due to the transient nature of both 
TENG and DEG. We have, however, produced a plot that gives op
timal ratios between the undeformed capacitance of the DEG, with 
the maximum capacitance of the TENG that maximizes the output 
power for a given capacitance change ratio of a DEG. This maximum 
always differs from the matching impedance between an un
deformed DEG and the maximum capacitance of the TENG as the 
load capacitance is realistically much larger than both the DEG and 
TENG. We established a simple linear relationship between the 
maximum voltage amplification and the capacitance change ratio 
(Eq. (7)) and used it as a reference to measure charge transfer effi
ciency of a real DETEG. Our experiments show that voltage 

Fig. 6. Performance of a dielectric-triboelectric generator (DETEG) prototype: (a) Prototype drawing. Front view of the prototype presented on the left that shows the overall 
profile of the prototype. A cross-sectional view presented on the right that shows the details of the TENG and DEG; (b) Voltage on the load capacitor with time while charged by 
TENG and DETEG at four levels of capacitance change ratios max; (c) Experimental saturation voltage amplification with max along with the theoretical trend. Four DETEG samples 
are tested at each max value, where the maximum, minimum, and mean values are indicated at every experimental data point. 

A. Haroun and C. Lee Sensors and Actuators: A. Physical 333 (2021) 113270 

8 

https://doi.org/10.1016/j.sna.2021.113270


amplification ranges between 1.5 and 2.7 when the capacitance 
change ratio varies between 104% and 260%. The charge transfer 
efficiency is about 65%. In fact, the main feature of DETEG is the high 
output voltage. Thus, it can be very suitable with high voltage ap
plications such as powering of dielectric elastomer actuators (DEA) 
and self-powering of electrospinning systems. In addition, DETEG 
can show an increase in the energy density over only-TENG when 
there is an available input mechanical energy to make sufficient 
deformation of the DEG membrane. We have established a method 
to analyze DETEG, and identified optimal conditions where voltage, 
time-to-saturation, energy and output power could be maximized. 
Our work has shown the ability of DEG to amplify output from a 
TENG, which heralds the future development of compact, high- 
powered motion-based energy harvesters. 
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