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Abstract

:

Triboelectric nanogenerators (TENGs) are an attractive energy harvesting technology due to their high efficiency and vast applications in self-powered sensors. In this work, dielectric–dielectric contact-separation TENGs were modeled with time-dependent finite element simulations with the objective of improving TENG’s performance by enhancing the relative permittivity (  ε r  ).To achieve this, the chosen material (PDMS,    ε r  = 2.75  ) was doped with SrTiO3 (  ε r   = 300) particles. The open-circuit voltage (  V  O C   ) and short-circuit current (  I  S C   ) remained constant as   ϵ r   increased, as predicted by existent models, but in contradiction with available experimental data. Thus, we introduced a charge correction model relating   ϵ r   and surface charge density, allowing us to observe an increase in TENG performance output (  V  O C    and   I  S C   ). This work shows that finite element simulations are suitable for better understanding and optimizing TENGs’ performance.
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1. Introduction


A triboelectric nanogenerator (TENG) is an energy harvester device that converts mechanical into electrical energy [1,2], while being environmentally friendly [3,4], making it an interesting energy source to help mitigate the present climate crisis [5,6,7]. TENGs have a vast potential for self-power sensor applications [3,8,9,10,11], powering self-sustainable devices (such as floating buoys [3,12,13,14] and wearables [3,8,15,16,17,18]) and bio-medical [19,20]. From the four TENG operations modes (contact-separation [1,21], sliding [1,22], single-electrode [1,23] and freestanding layer [1]), research focuses on enhancing output power (P) [24] and on modeling the working mechanisms [1,21,25,26,27] and contact properties [11,28]. One of the most important paths to enhance P is by improving material parameters such as relative permittivity (  ε r  ) and surface charge density ( σ ) [29,30]. One way to improve   ε r   is by doping the triboelectric layers such as PDMS (Polydimethylsiloxane) [29,31,32,33], PMMA (Poly(methyl 2-methylpropenoate)) [34] and BMF (bamboo microfibrils) [35] with high   ε r   particles, such as BaTiO 3  [29,31,32,33], CaCu3Ti4O12 [35] and SrTiO3 [29]. The effective relative permittivity (  ε  e f f   ) of materials doped with particles will then be given by [29]:


   ε  e f f   =  ε  r 1    f 1  +  ε  r 2    f 2  ,  



(1)




where   ε  r 1    and   ε  r 2    are the relative permittivities of the matrix and particles, and   f 1   and   f 2   are the corresponding concentration fractions.



In particular, PDMS is attracting attention for its mature, low-cost manufacturing and flexibility [19,36]. References [29,32] showed that it is possible to combine PDMS with particle doping to improve TENG performances. However, having very high concentrations (≥10%) of particles leads to a decrease in surface contact area, decreasing TENG’s performance [29]. Therefore, one has to search for the optimal particle concentration [29,32,35] at the expense of a large amount of time and resources. To prevent this, the best option is to numerically model TENG materials with varying particle concentrations as a guide to obtaining optimal values experimentally. In fact, recent developments in finite element simulations have opened up new possibilities to simulate TENG performance and guide its optimization [11,37,38,39,40]. Numerical simulations are key not only to validating but also to predicting novel results when developing experimental setups or materials, decreasing the time spent in optimization. Performing time-dependent numerical simulations conjugating the relative motion of two materials and the resulting electrostatic spatial distribution has been a challenge for TENGs that has only recently been surpassed [37].



Research on TENGs using COMSOL has been performed recently for, e.g., heat TENG self-sustained sensors [11] and hybrid TENG and thermoelectric nanogenerators [40]. However, a detailed study on how to perform and optimize COMSOL TENG simulations has not yet been performed. Research on stationary simulations, where the device is simulated in one instant of time, was conducted by Hasan et al. [38]. However, time-dependent simulations allow for more realistic analysis, such as the charge transference processes occurring in TENGs. In that regard, Chen et al. [37] performed simulations on COMSOL Multiphysics with time-dependent simulations using contact-separation and sliding TENGs modes by using the moving mesh.



Niu et al. [21] modeled the contact-separation TENG as a double parallel-plate capacitor, with two electrodes, two dielectrics (for the dielectric–dielectric mode), and a varying air gap. By calculating the electric field in the dielectric and air gap, the voltage (V) is obtained:


  V = −  Q  S  ε 0       d 1   ε  r 1    +   d 2   ε  r 2    + x  ( t )   +   σ x ( t )   ε 0   ,  



(2)




where Q is the charge in the electrodes, S the TENG’s area,  σ  the surface charge density of both dielectrics,   d 1   and   d 2   are the thicknesses of both dielectrics and   ε  r 1   ,   ε  r 2    the corresponding relative permittivities and   x ( t )   the time-dependent distance between the dielectrics.



Adding a load resistance (  R L  ) to simulate the delivery of the harvested energy to an external circuit, two special cases arise. At low resistances, V is negligible and Equation (2) gives the short-circuit current (  I  S C   ):


   I  S C   =   S σ v  ( t )   d 0     (  d 0  + x  ( t )  )  2   ,  



(3)




where   v ( t )   is the velocity of the moving layer of the TENG and    d 0  =   d 1   ε  r 1    +   d 2   ε  r 2     . At high resistances (open-circuit region), the charge in the electrodes is negligible, allowing the determination of the open-circuit voltage (  V  O C   ):


   V  O C   =   σ x ( t )   ε 0   .  



(4)







In this work, we simulated contact-separation TENGs with particle-doped materials for better optimization of the concentration, maximizing TENG’s performance. Furthermore, a comparison between particle and   ε  e f f    models is provided.




2. Numerical Procedures


Based on Niu’s model [21], a dielectric–dielectric contact-separation TENG was simulated using COMSOL Multiphysics. To reduce the complexity of the model, the simulations were performed in 2D, with an out-of-plane thickness of 1 mm, due to COMSOL always performing simulations in 3D. The accuracy and optimization of the numerical simulations were based on our previous work [27]. The TENG was built in the Geometry node and inserted inside a box of air large enough not to interfere with the results (Figure 1a). Nylon and PMDS were the chosen dielectric materials and copper was chosen for the electrodes. The top electrode/Nylon pair has a uniform movement with respect to the bottom electrode/particle-doped PDMS, which is kept at rest. To simulate particles, 15 µm circles (with   ε r   = 300 [29] corresponding to SrTiO3) were distributed uniformly inside the PDMS using the Geometry node. The 15 µm value was chosen after time and convergence optimization while allowing us to cover a significant concentration and relative permittivity range. The use of smaller particles (in the nanosize range) would lead to far more complex and time-demanding simulations, also affecting convergence. Finally, a mesh with triangular shapes was created with the maximum size defined with the “finner” size in COMSOL, which was the best option to reduce simulation time without affecting the final results.



A comparison between PDMS with particles and PDMS with an equivalent   ε  e f f    was performed to evaluate the effect of   ε  e f f    for constant  σ . Since researchers performing experiments with doped-nanoparticle TENG materials have observed an increase in the generated   V  O C    and   I  S C    with particle concentration [29,34,41] and   ε r   (until an optimal value is reached), one must consider a relation between   ε  e f f    and  σ . This relationship is still not well understood, and there is no model that accurately describes it. Inspired by the trends observed in Ref. [34], we related   ε r   and  σ  by modeling the contact-separation TENG as a parallel-plate capacitor with a dielectric medium (Figure 1b) with a   ε  e f f   , for which the total electrical field is given by


   E  t o t a l   =  E 0  −  E  i n d   ,  



(5)




with   E 0   the electric field in vacuum and   E  i n d    the induced electric field of PDMS. The electric fields can be written as:


   σ   ε 0   ε  e f f     =  σ  ε 0   −   σ  i n d    ε 0   ,  



(6)




where  σ  is the total surface charge density and   σ  i n d    the surface charge density induced on the materials. This can be rearranged as:


   σ  i n d   = σ     ε  e f f   − 1   ε  e f f     .  



(7)







To simulate the PDMS reference case, we used    σ  r e f   = 6 ×  10  − 4     cm−2 as   σ  i n d    and obtained the total surface charge density value (  9.42 ×  10  − 4     cm−2). With these values, simulations were performed comparing particle-doped PDMS and a PDMS with an equivalent   ε  e f f    with  σ  varying in both cases according to Equation (7).



To evaluate TENG’s performance,   R L   ranging from 1 M Ω  to   1.2   G Ω  were used allowing us to obtain the maximum power output (Pmax), while 100  Ω  and 100 T Ω  were used to obtain   I  S C    and   V  O C   , respectively. The values used for the simulations are listed in Table 1. The SrTiO3 particle-doped concentration and   ε  e f f    values simulated are listed in Table 2. The   ε  e f f    values were obtained from Equation (1) by considering SrTiO3 with   ε r   and particle concentration fractions (f) listed in Table 2 and PDMS   ε r   and fraction (1 − f).




3. Numerical Results


In this section, PDMS doped with different concentrations will be compared with an equivalent   ε  e f f    PDMS with (i) a constant and (ii) a varying surface charge density (according to Equation (7)).



3.1. Constant Surface Charge Density Model


Figure 2 shows the comparison between varying the SrTiO3 particle concentration and varying   ε  e f f    for   V  O C    (Figure 2a),   I  S C    (Figure 2b), V (Figure 2c) and current (I) (Figure 2d). Figure 2a,b show a rather constant trend (note the scale), which is the expected outcome according to Niu’s model. Also, both   I  S C    and   V  O C    are similar in value for particle concentration and   ε  e f f   , meaning both models match. However, in Figure 2c,d, with   R L   close to   P  m a x   , the values of the generated voltage for the particle-doped and equivalent   ε  e f f    cases are significantly different, while the I trends are similar. Regardless, the tendencies for V and I with   R L   are within Niu’s model’s expectation, with I saturating at a maximum value for low   R L  , and V increasing with the increase in   R L  . Also, the decrease in V and I with the increase in   ε r   at constant  σ  agrees with Niu’s model.



An important remark is that in Figure 2a,c,   V  O C    and V have different tendencies due to the V case corresponding to the situation where the electrodes are near the saturation and high   R L   contributes to a lower charge flow and does not allow the electrodes to discharge from the saturated state [27]. In this case, and according to Equation (2), if   ε r   increases, V decreases. On the other hand, the   V  O C    case (Figure 2a), for which the charge of the electrode is zero (Equation (4)), predicts that   V  O C    is independent of   ε r  , therefore remaining constant as   ε  e f f    increases.




3.2. Varying Surface Charge Density


To match with the experimentally observed trends, we performed numerical simulations using the   ε r   and  σ  relation of (Equation (7)), resulting in clearly different   V  O C   ,   I  S C    and   P  m a x    behaviors (Figure 3). In this case,   V  O C    and   I  S C    (Figure 3a,c) increase with particle concentration and   ε  e f f    in a similar way, agreeing with Niu’s model’s expected tendencies through the increase in  σ  with   ε  e f f   . On the other hand, although   P  m a x    also increases with particle concentration and   ε  e f f    (Figure 3e), this increase is different for both cases, with the particle concentration case having a higher increase.



For   R L   near   P  m a x   , the results show that the  σ (  ε r  ) increase leads to an increase in V, I and P (Figure 3b,d,f) both for increasing particle concentration and   ε  e f f   . This is expected from Niu’s model’s predictions. However, when comparing the particle and   ε  e f f    cases, there is a disagreement for V and P’s results, agreeing only in the obtained trends.



An important remark from the   ε r   and  σ  relation is that, because COMSOL does not support collisions, at the minimum distance considered (21 µm), both terms of Equation (2) are important because the minimum charge on the electrode (Q) is not negligible and the minimum distance is comparable with the Nylon and PDMS thicknesses (100 µm). This causes a change in the V and P trends at low and high   R L   (Figure 4a). At low   R L  , the  σ  term is the dominant one due to the charge in the electrode approaching zero. This leads to an increase in V and P with   ε r  . At high   R L  , the electrode becomes charge saturated and the charge on the electrode does not decrease much while at the minimum distance (Figure 4b), causing the decrease in V and P with   ε r  . At high   ε  e f f   ,   P  m a x    is constant (Figure 4a), which agrees with Niu’s model (Equation (2)), due to   ε  e f f    being much larger than Nylon’s permittivity (4.0), reducing Equation (2) to the metal–dielectric contact-separation TENG case.



A final remark about the charge model we developed is that it shows that it is possible to relate   ε r   and  σ  with dynamic finite element numerical simulation. However, despite the final trend being able to predict the available experimental data from literature [29,34,41], the developed model does not take into account additional effects that result in a decrease in  σ , such as saturating the surface with nanoparticles [29,41] or current leakage [35]. Figure 4c shows a comparison between the numerical results obtained here and the experimental results obtained by Chen et al. [29] and Zhou et al. [41] normalized to the undoped case. The results from the literature usually show a maximum output at a critical   ε  e f f    value, after which there is a decrease in the   P /  P 0    ratio with   ε  e f f   , associated with nanoparticle saturation at the film surface. Ultimately, this may even lead to a decrease in P below that of the undoped sample [41]. A special approach was proposed in Ref. [41] by adding a thin PDMS coating on top of the nanoparticle-doped sample, so that the nanoparticle saturation at the surface does not hinder  σ , allowing for it to increase with   ε  e f f   .





4. Conclusions


This work enabled the study of TENGs with particle-doped PDMS using time-dependent finite element simulations. The results were compared with those of a material with an equivalent   ε  e f f   . While particle-doped and equivalent   ε  e f f    PDMS results do not match (except for   V  O C    and   I  S C   ), their tendencies are similar and in agreement with those of existent models. For the constant  σ  simulations, while the tendencies agree with existing models (  V  O C    and the   I  S C    constant, and the decrease in V and I with   ε r  ), experimental research found that with the increase in   ε r  ,   V  O C   ,   I  S C    and   P  m a x    increase as well. These tendencies were then observed only with the proposed  σ  correction and   ε r   dependence.



One important remark is that since COMSOL Multiphysics does not support collisions, requiring a minimum distance to be defined, important material properties such as Young’s modulus or adhesion strength are not taken into account.



This work thus opens new ways to use time-dependent finite-element simulations for TENGs with complex materials and paves the way to find an improved  σ (  ε r  ) relation for more accurate simulations.
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Figure 1. (a) Contact-separation TENG represented in COMSOL and corresponding zoom in the PDMS/bottom electrode where the SrTiO3 particles can be observed. The displayed SrTiO3 particle concentration on PDMS is 7.1%. (b) Two electrodes with opposing total  σ  and the dielectric medium where, at the borders with the electrodes, a charge equilibrium is reached. 






Figure 1. (a) Contact-separation TENG represented in COMSOL and corresponding zoom in the PDMS/bottom electrode where the SrTiO3 particles can be observed. The displayed SrTiO3 particle concentration on PDMS is 7.1%. (b) Two electrodes with opposing total  σ  and the dielectric medium where, at the borders with the electrodes, a charge equilibrium is reached.



[image: Nanoenergyadv 04 00009 g001]







[image: Nanoenergyadv 04 00009 g002] 





Figure 2. (a)   V  O C    and (b)   I  S C    as a function of   ε  e f f    and SrTiO3 particle concentration on PDMS. (c) V and (d) I for particle-doped and   ε  e f f    PDMS as a function of   R L  . The   ε  e f f    values were obtained from Equation (1), with the obtained values for each particle concentration being displayed in Table 2. 
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Figure 3. (a)   V  O C   , (c)   I  S C    and (e)   P  m a x    as a function of   ε  e f f    and of SrTiO3 particle concentration on PDMS. (b) V, (d) I and (f) P for particle-doped and   ε  e f f    PDMS and as a function of   R L  . All figures have  σ  corrected according to Equation (7). 
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Figure 4. (a)   P  m a x    as a function of   ε  e f f   . (b) Time variation in the charge in the lower electrode for different   R L   values. (c) Power output (P) normalized to the power output of the PDMS solely value (  P 0  ) as a function of   ε  e f f    of the obtained results compared with available literature. 
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Table 1. List of parameters and corresponding base values. The out-of-plane thickness is the same as the width of the nylon/PDMS/copper electrode, giving a TENG area of 1 × 10−6 m2.  σ  values were based on Chen et al. [29] experimental values (in the range 10−5–10−4 C/m2).
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	Parameter
	Value





	Velocity
	  5.999   m/s



	Period
	  1 ×  10  − 3     s



	Number of periods (cycles)
	3



	Time per step
	  1 ×  10  − 6     s



	 σ  of nylon
	  6 ×  10  − 4     C/m2



	 σ  of PDMS
	  − 6 ×  10  − 4     C/m2



	  ε r   of nylon
	4



	  ε r   of PDMS
	   2.75   



	Width/Height of the air box
	0.1 m



	Height/thickness of nylon/PDMS/electrodes of cooper
	  1 ×  10  − 4     m



	Width of PDMS/nylon/electrodes of cooper
	  1 ×  10  − 3     m



	Maximum distance between nylon and PDMS surfaces
	  3 ×  10  − 3     m



	Minimum distance between planes
	  2.1 ×  10  − 5     m










 





Table 2. List of SrTiO3 particle concentrations and   ε  e f f    values.






Table 2. List of SrTiO3 particle concentrations and   ε  e f f    values.





	Concentration
	    ε eff    





	   0.7 %   
	   4.9   



	   1.4 %   
	   7.0   



	   2.8 %   
	   11.1   



	   4.2 %   
	   15.4   



	   5.7 %   
	   19.6   



	   7.1 %   
	   23.8   



	   8.5 %   
	   28.0   
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