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Abstract 

Vibrational energy harvesters can exhibit complex nonlinear behavior when exposed to external 

excitations. Depending on the number of stable equilibriums the energy harvesters are defined and 

analyzed. In this work we focus on the bistable energy harvester with two energy wells. Though 

there have been earlier discussions on such harvesters, all these works focus on periodic 

excitations. Hence, we are focusing our analysis on both periodic and quasiperiodic forced bistable 

energy harvester. Various dynamical properties are explored, and the bifurcation plots of the 

periodically excited harvester shows coexisting hidden attractors. To investigate the collective 

behavior of the harvesters, we mathematically constructed a two-dimensional lattice array of the 

harvesters. A non-local coupling is considered, and we could show the emergence of chimeras in 

the network. As discussed in the literature energy harvesters can be efficient if the chaotic regimes 

can be suppressed and hence we focus our discussion towards synchronizing the nodes in the 

network when they are not in their chaotic regimes. We could successfully define the conditions 

to achieve complete synchronization in both periodic and quasiperiodically excited harvesters. 

 

Keywords: energy harvesters, chaos, network, chimera 

1. Introduction 

Wireless sensors and other low powered health monitoring devices have been widely used in 

industrial, medical, military, engineering and environmental health monitoring areas [1-3]. These 

devices need a continuous power supply with least replacement cost and long-life time service. 

Their power supply requirements are not fully addressed using the traditional batteries [4]. 
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Vibration energy is readily available in the environment in the form of wind, ocean waves, human 

motion and mechanical vibration [5]. Among these, the mechanical energy is one of the most 

suitable one for structural health monitoring due to its availability [4]. As a result, energy 

harvesting from mechanical vibration is a promising means to replace conventional power sources. 

Linear resonant energy harvesters have been used to exploit ambient vibration energy based on 

linear resonant vibration principle. They are effective only if the excitation power is concentrated 

in a narrow band of frequency, i.e. stationary excitation. But when the excitation frequency does 

not match the resonant frequency the harvesting efficiency reduced severely. Many researchers try 

to solve this issue by expanding the bandwidth of frequency using techniques such as frequency 

up-conversion, resonance tuning and deliberate introduction of nonlinearity [6-12]. Among these, 

inclusion of nonlinearity to harvesters attracted a lot of attention. Monostable and bistable 

harvesters found its significance due to various advantages under different excitation conditions 

and initial conditions. Monostable harvesters hold a simple configuration and has one stable 

equilibrium state. Compare to linear systems they are able to widen the frequency response range 

[8]. But their performance drops when they are subjected to real-world scenarios such as random 

excitation, and have similar output to linear harvesters when they are excited by white noise 

vibrations [13]. As an improvement to the drawback of monostable harvesters, researchers have 

focused on multistable harvesters. Bistable harvester has been explored widely [14-17]. It has two 

potential wells with a barrier in between. If the excitation amplitude is high enough the system 

will jump between the stable wells creating an interwell oscillations with high amplitude. The 

shape of the wells influences the response of the system. When the wells are shallow the bandwidth 

of the harvester increases, however the amplitude of the response is reduced. Compared to 

monostable harvesters, bistable shows improvement on harvesting, when the amplitude of the 

excitation is large enough to trigger an interwell oscillation [18, 19]. 

In addition to that there are only minimal literatures found for studying the network behaviors of 

Energy harvesters but practically, these to be work in a network to obtain a significant output. 

Since the study on synchronization and incoherent oscillations of a horde non-locally coupled 

oscillators [20], an interesting phenomenon is pronounced as “chimera states”.  The dynamics of 

chimera states and different topologies to handle chimera has been investigated vigorously in 

recent literatures [21-23]. Existence of chimera states and its control are studied with experimental 

evidence in some literatures [24-29]. Hence considering undeniable mutual effects of chimera 

states in dynamics of network and spatio-temporal nature, the intriguing characteristics of the 

system can be analyzed and it becomes fruitful test ground for energy efficiency also.  

Motivated from the above discussion, in this paper we formulated a Bistable Energy Harvester 

(BEH) supplied with higher order nonlinearity under quasi-periodic excitation. Stability analysis 

is carried out and presented in section 3. Bifurcation plots and corresponding Lyapunov spectrum 

are derived for different scenario in section 4. The major contribution of this work lies on network 

dynamics of BEH under periodic and quasi-periodic excitations, the simulations are portrayed and 

interpreted in section 5. Finally, we provided concluding remarks and highlighted the significance 

of the present study. 

2. Mathematical Modeling  

In Figure.1 configuration of a nonlinear energy harvester is shown. The configuration of bistable 

energy harvester consists of a stainless-steel substrate with two lead zirconate titanate (PZT) 



piezoelectric layers positioned near the base and two tip magnets. There are two external magnets 

located with required distance and angle.  

 

Fig 1. Configuration of bistable energy harvester (BEH) 

The equation of motion for the BEH configuration presented in figure.1 is derived as follows: 

( ) ( ) ( ) ( )hmr t cr t F V t t    && &  
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Where, 

m , c are the equivalent mass and damping, 
pC  refers equivalent capacitance,  represents 

electromechanical coupling coefficient of the piezoelectric material, R  denotes load resistance. 

V  denotes the voltage, r  is the displacement and ( )t refers the external excitation. 

For brevity, the equations of motion can be further nondimensionalized by using the following 

terms
: 
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Where, cl  is a length scale introduced to nondimensionalize the displacement, 
n

k

m
   is the 

natural frequency of the harvester. With these transformations, the nondimensional model can be 

expressed as 
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here, x  represents displacement, n  is the natural frequency, and ξ refers the damping 

ratio. In this paper we introduced a quartic nonlinearity term as restoring force, and the expression 

is as follows, 



2 3 4

hF x x x x        (4) 

Most of the analysis done on existing models are with periodic excitation. Literatures on 

experimental studies of BEH shows that Quasi-periodic excitation affects the performance 

significantly, hence we are introducing quasi-periodic excitation. Generally quasi-periodic 

excitation will induce a strange Nonchaotic attractor (SNCA), and results with multistability. 

Hence in this paper we considered the system is supplied with quasi-periodic excitation and 

denoted as 1 1 2 2( ) [sin( ) sin( )]t A t A t    . 

The state space equation of the system can be written as, 

x y&  

(5)   3 2 4

1 1 2 2sin( ) sin( ) 2y A t A t y x x x x z             &  

z y z  &  

3. Equilibrium points and stability analysis 

( )hF x is the nonlinear restoring force, while ( )t is the external excitation: Periodic if 2 0A  and 

quasi-periodic if 2 0A  . We take the parameter values in equ(5) to be 1 0.5A  , 1 1  , 

2
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2
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 , 2 1A  , 0.0933  , 0.5495  , 0.1  , 0.1  , 0.4065  , 0.00185  . 

Stanton et al.,[30] performed a Melnikov analysis on a simplified bistable harvester by considering 

perturbations from a Hamiltonian limit. We follow part of their analysis here. 

We re-write (5) as a perturbed Hamiltonian system: 

0

( ) 2 ( )

0

h

x y

y F x y z f t

z y z

  


     
              
           

&

&

&

 (6) 

Where we have introduced a small parameter  to represent the non-Hamiltonian terms. When 

0  , eqn (6) becomes 

x y&  (7) 
2 3 4y x x x x     &  (8) 

Which leads to the Hamiltonian  
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With the potential energy function ( )V x  
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(10) 

The fixed points of (7) satisfy ( , ) (0,0)x y  , 0y  and the cubic roots of 
2 31 x x x     . The 

trival fixed point (0,0) is a saddle point. Values for the parameters, we find the remaining fixed 

points to be 1 4.8675x   (another saddle point), 2 1.7810x   and 3 1.1535x  (both centers).   



 
Fig 2: The double homoclinic loop for the BEH (magenta), passing through the 

fixed points (0,0) and enclosing the two centres 2x  and 3x . There is also a large homoclinic loop (green), 

passing through 1x  and enclosing the other fixed points. 

Fig.2 shows the double homoclinc loop in black refers to the simplified model with γ = 0. 
homoclinic loop (magenta) that passes through the saddle point (0,0) , as well as the large 

homoclinic loop through the saddle point 1 4.8675x   . For the double homoclinic loop, ( ) 0E t 
, while for the large homoclinic loop, ( ) 6.781E t  . Solving (9) for y with ( ) 0E t   for the chosen 

parameter values, we get 

   5.8548 2.6347 1.6207DHy x x x x        (11) 

So that the separatrix through the double homoclinic loop passes through 2 1.6207xs  and 

1 2.6347xs   . There is also a separate branch (not shown) that passes through 5.8548x   , 

whose components tend to  . Figure 2 shows the potential function ( )V x , including the two end 

points 1xs and 2xs of the separatrix for the double homoclinic loop.  

 
Fig 3: The potential function V(x) for the BEH with the end points 1xs  and 2xs  

of the separatrix of the double homoclinic loop 

For the large homoclinic loop (green), we got 4.8677x   (twice), 2.6711x  (the point at which 

the large orbit crosses the y-axis), and two other complex valued roots.  

If we set 0  , the model considered by Wang et al[31], we no longer get the root 5.8548x   , 

and the result is the larger black double homoclinic loop, shown in fig 2. Since ( ) 0E t  , eqns (10) 

and (11) give 

    ( )
dx

y x g x
dt

    (12) 

Where 
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Litak and Borowiec  [32] investigated the case of an asymmetric double homoclinic loop for a 

potential function of the form eqn(10) with 0  . In eqn (15), we have taken 1xs  and 2xs to be 

the end points on the black and magenta separatrices of figure 1, given in eqn(11). Equ (14) uses 

the expressions for 
ja  from eqn (10). For (13) we obtain 

0 1 0

0

2 2 ( )1
ln

( )

a a x a g xdx
t

xx g x a

 
    (16) 

Provided 0 0a  . Since 0 0a  (by rearranging eqn(9), this is certainly the case here. 

we can invert eqn (17) to find an expression for x  and then for y for the double homoclinic loop. 

Defining 0expE t a , taking the exponential of both sides of (17) and rearranging gives, after 

straightforward algebra, 0x  (the saddle point at the origin) and 

 
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2

1 0 2

4

4
dh

a E
x

E a a a

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(17) 

The derivative dhdx

dt
gives the y coordinate for the double homoclinic loop: 
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3.1 The unforced BEH system 

For the full BEH with  reinstated, we can find a solution for dhx in terms of Jacobi Elliptic 

functions of the first and third kinds, and involving inverse trigonometric sine functions. We omit 

their expressions here as not being very instructive. There is, also, no simple equation for the large 

green homoclinic loop, shown in Fig 2. Instead, some level sets, corresponding to potential 

function ( )V x for the full BEH system, are shown in Fig 3. 

In the absence of external forcing (so that ( ) 0t  ), the equilibrium states are given by 

0y  , 0z  and .x s a solution to ( ) 0hF x  . We therefore obtain the trivial equilibrium 0x  , 

together with the three nontrivial equilibrium states obtained in the Hamiltonian limit, namely a 

saddle point and two centres. For the given set of parameter values, these are the roots of the RHS 

of eqn (1.7). The linear stability of the equilibrium state is determined by the eigen spectrum of 

the characteristic equation:  
3 2

2 1 0 0       (19) 



 
Fig 4: Some level sets for the potential function V(x) for the BEH. The separatrix for the double homoclinic 

loop and the large homoclinic loop are shown as black curves. 

Where, 

2 2     (20) 

1 2 xG      (21) 

0 xG    (22) 

2 31 2 3 4xG x x x       (23) 

For the trivial equilibrium state 0x  , xG  . This means there are no steady bifurcations from 

the trivial equilibrium. Moreover, by substituting i   into eqn (19), it is straightforward to 

show that there are also no possible Hopf bifurcations, since this would require 2 0   : not 

possible when all parameters are positive. Codimension one steady state bifurcations can occur 

when 0 0  for the nontrivial saddle point at 0.139   (keeping all remaining parameter values 

at their prescribed values). The condition for a Hopf bifurcation, 0 1 2 0    , is not possible 

since this would require 

2 2
2

x
x

G
G

  
 
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

 (24) 

Numerical integrations show that these two criteria for 
2  cannot be simultaneously satisfied. 

Moreover, numerical integrations for the unforced system also show that the only stable 

states are steady states; we found no evidence of periodic solutions. When the z -dependence is 

present, the saddle point 1x  remains a saddle, while the two centers 2x  and 3x  become stable foci. 

For the parameter values 0.0933; 0.5495; 0.4065; 0.1; 0.1; 0.00184            the 

equilibrium points and corresponding eigen values are calculated and presented in table.1 for 

understanding the stability.  

Table 1. Equilibrium points and its Stability  

Equilibrium Points Eigen Values Stability 

0 [0;0;0]E   [0.9104; 1.0962; 0.4073]   Saddle node 

1 [ 4.8675;0;0]E    [2.9155; 3.1020; 0.4066]   Saddle node 

2 [ 1.781;0;0]E    [ 0.0935; 1.2673 ; 0.4061]i    Stable focus 



3 [1.1535;0;0]E   [ 0.0935; 1.4252 ; 0.4061]i    Stable focus 

The system shows a chaotic attractor for the following parameter values, 1 0.5A  , 1 1  , 2 1A  , 

2
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 

 , 0.0933  , 0.5495  , 0.1  , 0.1  , 0.00184  , 0.4065   for the initial 

condition {1,0,1}. The 2D Phase portraits are given in Fig 5. 

 

Fig 5. 2D Phase portrait of system (6)  for the parameter values 1 0.5A  , 1 1  , 2 1A  , 2

5 1

2
 

 , 

0.0933  , 0.5495  , 0.1  , 0.1  , 0.00184  , 0.4065   and initial condition {1,0,1} 

4. Bifurcation and Lyapunov Spectrum 

We investigated the bifurcation property for two scenario Case (1) the system under periodic 

excitation, Case (2) the system under Quasi-Periodic excitation. We used Runge-Kutta numerical 

method for simulating the results. We considered the parameter values: 1 0.5A  , 2 1A  , 0.0933 
, 0.5495  , 0.1  , 0.1  , 0.00184  , 0.4065   and initial condition {1,0,1}. For 

investigating Bi-stability nature of the system under mentioned excitation conditions, we provided 

the bifurcation plots using forward continuation (Plotted with blue dots), backward continuation 

(Plotted with Red dot) and the corresponding Lyapunov spectrum is calculated using Wolf 

algorithm [33] and plotted for a finite time of 20000 s. 

Case (1). Under periodic excitation  

Firstly, we considered the system (5) is supplied with periodic excitation ( ) Fsin( t)t   and the 

response of the system is noted and presented as bifurcation plot. In Fig.6 we could observe the 

bistability phenomena which is considered dangerous for mechanical systems. We varied the 

parameter  for the range of 0.9 to 1.3. For detailed analysis we provided the bistable regions in 

Fig. 6(b) and the corresponding Lyapunov spectrum for forward and backward continuation also 

presented in Fig 6(c) & 6(d).  



 

Fig 6. Bifurcation plot and corresponding Lyapunov Exponents of parameter 1 variation. (Periodic 

excitation) 

Case (2). Under Quasi-periodic excitation 

The system (5) is supplied with higher order nonlinear stiffness function under quasi-periodic 

excitation; hence the influence of excitation frequency plays vital role in behavioral analysis. In 

this section, we derived the bifurcation plots for frequency range 10 3  . The corresponding 

Lyapunov Spectrum also presented. We could observe that the multistability property is vanished 

during quasi-periodic excitation.  

 



Fig 7. Bifurcation plot and corresponding Lyapunov Exponents of parameter  variation (Quasi-Periodic 

excitation) 

5. Network dynamics of BEH: 

The local behaviour of the BEH with periodic and quasi-periodic excitations shows some 

interesting dynamical behaviours but energy harvesters will normally be applied in large networks. 

Hence, we consider N coupled BEH whose mathematical model is shown in (25), 

1
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(25) 

The term 𝜎 defines the coupling constant and the connection between the nearby nodes are defined 

by the connection matrix 𝐶𝑖𝑗. The external excitation is defined by 1 1 2 2( ) [sin( ) sin( )]t A t A t     

where 1 1  is the frequency of the periodic term while 2
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  is the golden mean 

contributing to the quasi-periodic excitation. We have considered two different cases for 

discussion depending on the type of excitation applied to the nodes in the network. 

5.1 Network behaviour with periodic excitation 

In this case we consider 2 0A  , we now apply a periodic excitation to the nodes in the network 

and for simulation we consider the parameters as 1 0.5A  , 1 1  , 0.0933  , 0.5495  ,

0.1  , 0.1  , 0.00184  , 0.4065   and random initial conditions are chosen. We have 

used RK4 method to solve the system (25) with the step size of 0.01 and total simulation time of 

3000s. In Fig.8 we have shown the spatiotemporal behaviour of the network for coupling strengths 𝜎 ≤ 0.015 for which we could see that the nodes are in complete incoherency. We have also 

plotted the instantaneous state variable value of 𝑥 measured at the end of simulation. For  𝜎 =0.015 the nodes try to achieve synchronisation and leads us to a clue to check for chimeras by 

increasing coupling. 



 

Fig.8: The collective behaviour of the network (1) for different values of the coupling coefficient (𝜎 ) 

considering a periodic excitation. The plots confirm that the nodes are asynchronous. 

Now we increased the coupling to 𝜎 = 0.018 to identify the existence of coherent and incoherent 

nodes in the network.  In Fig.9 we could see that most of the nodes try to achieve coherency, some 

nodes are still in complete incoherent state. This confirms the existence of chimeras in the network. 

It should be noted that only if all the BEH nodes are in coherent state, the energy efficiency will 

be more, and such chimeras will result in residue current in the BEH nodes which could damage 

the node permanently. Such chimeras are seen in the network for 𝜎 < 0.03 but we have only shown 

spatiotemporal behaviour of selected values of 𝜎. 

 

Fig.9 The collective behaviour of the network (25) for different values of the coupling coefficient (𝜎 ) 

considering a periodic excitation. The plots confirm that the nodes are showing both synchronous and 

asynchronous nodes confirming the existence of chimeras. 



Further increasing the coupling strength to 𝜎 = 0.03, the nodes try to achieve synchronisation in 

small clusters. Though such phenomenon of cluster synchronisation is not uncommon in spiking 

networks, its undesirable in such networks where complete synchronisation is mandatory. In other 

words, we need all the BEH nodes in the network to operate in a single frequency or at least in 

coherency to maximise the energy efficiency of the harvesters. In Fig.10 we have shown several 

cluster synchronisations conditions for various values of 𝜎. 

 

Fig.10: The collective behaviour of the network (25) for different values of the coupling coefficient (𝜎) 

considering a periodic excitation. The plots confirm several clusters of synchronised BEH nodes in the 

network. 

We have used re-occurrence plots to identify different regimes of synchronisation in the network. 

The re-occurrence plots are calculated by finding the Euclidean distance between 𝑥𝑖 and 𝑥𝑗 where 𝑖. 𝑗 ∈ [1, 𝑁]. In Fig.11 we have shown the re-occurrence plots and the absence of structures in the 

plot for 𝜎 = 0.001 shows that there are no coherent nodes in the network. For 𝜎 = 0.01, we could 

see small structures formed in the network confirming the emergence of chimeras. For the 

remaining values of 𝜎 < 0.03 shown in the plots we could see majority of blue and red regions. 

The blue region shows coherent oscillators and the red shows the incoherent oscillators. The 

presence of other colours in these plots confirm the existence of multiple intermediate nodes which 

neither belong to the red and nor to the blue regions confirming different incoherent frequencies 

in the network. But when 𝜎 > 0.03 we could note only blue and red dominant confirming different 

clusters of synchronisations.  



 

Fig.11: Re-occurrence plots of the BEH network for different values of the coupling coefficient. The blue 

regions show the coherent oscillators and the red show the incoherent oscillators. 

Though we could achieve cluster synchronisation in the network as shown in Fig.11, we couldn’t 
reach complete synchronisation. For values of coupling 𝜎 > 0.1, the network goes in to unbounded 

states and thus we couldn’t use the coupling strength to achieve synchronisation. As the BEH are 

externally excited by the periodic force, our interest now is on the amplitude of the periodic force 

which can be properly tuned to achieve complete synchronisation. In Fig.12 we have shown the 

spatiotemporal plots for the amplitude values 𝐴1 = [0.4,0.45,0.5] and the plots confirm the 

emergence of chimeras in the network. Though for 𝐴1 = 0.5, the incoherent nodes are very less 

confirming that the nodes are moving to complete synchronization. 



 

Fig.12 The collective behaviour of the network (1) for different values of the of the amplitude of the periodic 

excitation considering 𝜎 = 0.024. The plots emergence of chimera states with synchronous and asynchronous 

nodes 

In Fig.13, we have shown the complete synchronisation of the nodes achieved through the tuning 

of the amplitude of the external excitation. We could note that for 𝐴1 < 0.4 and 𝐴1 > 0.6 the nodes 

attain complete synchronisation and achieves the same frequency of operation. Thus, we could 

achieve maximum efficiency from the energy harvesters when connected in a network. But its 

been shown in the literatures that non-chaotic BEH [34] can be productive in energy harvesting 

but as seen from the re-occurrence plot (Fig.12 right most) for 𝐴1 = 0.3, the nodes are no more 

chaotic and shows periodic behaviours and for 𝐴1 = 0.7 the nodes are chaotic and are completely 

synchronised as there Euclidean distance is very low in 10−13. Thus, we recommend an amplitude 

value of 𝐴1 = 0.3 to achieve complete synchronisation in the periodically excited BEH network. 



 

Fig.13: The collective behaviour of the network (25) for different values of the of the amplitude of the periodic 

excitation considering 𝜎 = 0.024. The plots confirm the nodes achieving complete synchronisation.  

5.2 Network behaviour with quasi-periodic excitation 

In this case we consider 1 0.5A  , we now apply a quasi-periodic excitation to the nodes in the 

network by considering 2 0A  , 2

5 1

2
 

 with the other parameters as 1 1  , 2 1A  , 

0.0933  , 0.5495  , 0.1  , 0.1  , 0.00184  , 0.4065  . The other setting for 

simulations is similar to section 5.1. As we have earlier shown that the coupling coefficient 

couldn’t be tuned to achieve complete synchronisation (section 5.1), we verified the same for quasi 

and could again confirm that 𝜎 cannot be tuned for synchronisation in quasi-periodic case. Hence, 

we haven’t provided the discussion on 𝜎 as it will be redundant. We focus our discussion on the 

amplitude of the quasi-periodic term (𝐴2) and have kept 𝜎 = 0.025. In Fig.14 we have shown the 

spatiotemporal plots for different values of 𝐴2 and unlike Fig.13, we couldn’t find periodic regimes 
for 𝐴2 < 1 and the network shows both coherent and incoherent nodes confirming the existence 

of chimeras.  



 

Fig.14: The collective behaviour of the network (25) for different values of the of the amplitude of the quasi-

periodic excitation considering 𝜎 = 0.025. The plots confirm the emergence of chimeras. 

To find the amplitude values which could help us achieve complete synchronisation with nodes 

are not in their chaotic regime, we further increase the value of 𝐴2 = 1.5 and could observe 

complete synchronisation and the same is the case for 𝐴2 = 1.8, presented in Fig. 15. But our 

interest is to check whether the nodes are not in their chaotic regime while achieving complete 

synchronisation.  

 

Fig.15: The collective behaviour of the network (25) for different values of the of the amplitude of the quasi-

periodic excitation considering 𝜎 = 0.025. The plots confirm nodes achieving complete synchronisation for 𝐴2 = 1.5 and 𝐴2 = 1.8 



As discussed, we must verify which of the amplitude (𝐴2) can achieve complete synchronisation 

while the BEH nodes are not chaotic. Hence, we use the re-occurrence plots as shown in Fig.16. 

While checking the re-occurrence plots for 𝐴2 = 1.5 we could see that the nodes are in 

synchronisation with period-4 oscillations and for 𝐴2 = 1.8, the nodes whose different colours 

confirming they are chaotic but their Euclidian distance in the range of 10−13 showing complete 

synchronisation. Hence when exposed to quasi-periodic excitation we could recommend the 

amplitude combination as 𝐴1 = 0.5 and 𝐴2 = 1.5 for complete synchronisation as for these two 

amplitude values the nodes are periodic and chaotic oscillations are supressed. 

 

Fig.16: The re-occurrence plots for different values of 𝐴2 with the blue regions showing coherent nodes while 

the other colours showing incoherent nodes.  

Conclusion 

Energy harvester model with two stable equilibrium points is analyzed considering periodic and 

quasiperiodic external excitations. The dynamical properties of the model is analyzed and we could 

show coexisting hidden attractors in the system for periodic excitation. Though local behaviour 

can help us understand the complex oscillations and bifurcation patterns of the bistable energy 

harvesters, our focus is to investigate its collective dynamics. A mathematical model of a 2D lattice 

network is constructed whose local dynamics is governed by the bistable energy harvesters. Firstly 

a periodic excitation is applied to the nodes and the spatiotemporal behavior is captured. We could 

observe regions of asynchronous nodes for very low coupling values while increasing the coupling 

some nodes are synchronized while some remain incoherent. This confirms the emergence of 

chimeras. We tried different values of the coupling to observe complete synchronization, but we 

could observe only cluster synchronization. Hence, we shifted our investigation to the excitation 

amplitude, and we could observe two ranges of amplitude which could achieve complete 

synchronization. But our interest is on the amplitude for which the nodes are not in chaos, but the 



network achieved synchronization. To calculate this, we introduced the re-occurrence plots which 

is useful in understanding different regimes in a network. From the re-occurrence plots we could 

show that for a certain amplitude the nodes are not in chaos, but the network achieved 

synchronization. Similar studies are conducted for quasiperiodically excited energy harvesters and 

again we could show some values of the amplitude can achieve synchronization without disturbing 

the local complex behavior of the nodes.  
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Figure 1

Con�guration of bistable energy harvester (BEH)
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Figure 8

The collective behaviour of the network (1) for different values of the coupling coe�cient (σ ) considering
a periodic excitation. The plots con�rm that the nodes are asynchronous.

Figure 9



The collective behaviour of the network (25) for different values of the coupling coe�cient (σ )
considering a periodic excitation. The plots con�rm that the nodes are showing both synchronous and
asynchronous nodes con�rming the existence of chimeras.


