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Abstract. Since the 1990s, mechanical energy harvesting smart structures have been developed to power low-power
electronic devices. The wide variety of proposed designs has made their characterization and comparison increasingly
challenging. This work presents and emphasizes the authors’ recent contributions to analyzing energy harvesting de-
vices using a nonlinear dynamics perspective framework (NDPF). For that, four structures are examined, including two
recently proposed designs by the authors and two classical devices established in the literature. The NDPF tools effec-
tively map the dynamic and performance characteristics of these harvesters, allowing for a comprehensive comparison
between its counterparts. Results demonstrate that NDPF analysis provides a robust solution for proper and accurate
characterization of energy harvesting devices.
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1. INTRODUCTION

The advancement of semiconductor technology has significantly reduced the energy needed to power electronic de-
vices, especially IoT devices, standalone sensors, and MEMS. As a result, harvesting energy from mechanical sources has
become an appealing solution, providing sufficient power for these innovations (duToit ef al., 2005).

Mechanical energy from the environment can be converted into electrical energy through various transduction mecha-
nisms. Key methods include electromagnetic transducers, triboelectric phenomena, and smart materials like piezoelectric
and magnetostrictive materials. Electromagnetic transducers work via electromagnetic induction, where changes in a mag-
netic field near a conductor induce a proportional electric current (Faraday, 1832). Triboelectric transducers leverage the
triboelectric effect, generating electric charges through contact and friction between different materials (Liu et al., 2021).
Piezoelectric energy harvesting relies on the direct piezoelectric effect, where mechanical deformation of the material
produces a corresponding electrical voltage (ANSI/IEEE, 1987). Magnetostrictive harvesting utilizes the Villari effect,
where applying stress to a magnetostrictive material in a magnetic field alters its magnetization, which can be combined
with electromagnetic induction for energy harvesting (Apicella et al., 2019). These transducers are typically integrated
into a primary structure, often a resonating cantilever beam, to maximize energy harvesting. However, cantilever-based
designs suffer from performance drops when operating outside their narrow resonance range (Erturk and Inman, 2009).

One strategy to improve performance is incorporating nonlinear modulations. Common nonlinear systems, such as
multistable systems induced by magnetic interactions or buckling forces, have been shown to enhance both bandwidth
and power output (De Paula et al., 2015). Nonsmooth systems also increase operational bandwidth, though at the cost
of reduced maximum power (Ai et al., 2019). Other structures, such as those using pendula, shape memory materials,
rotational dynamics, asymmetry, and fluid-structure interactions, further improve performance (Zou et al., 2019). Another
approach is adding extra degrees of freedom to cantilever devices, creating additional high-performance regions due to
new resonance zones (Wu et al., 2013).

A review of the literature reveals a lot of proposed solutions in energy harvesting systems and a lack of standardized
methods for analyzing and, more importantly, comparing nonlinear energy harvesters. This issue is compounded by po-
tentially biased analyses that often highlight only the favorable attributes of the devices, making meaningful comparisons
with similar systems difficult. For this reason, the authors recently proposed a framework of analysis based on a nonlinear
dynamics perspective that allows proper characterization and comparison among harvesters (Costa et al., 2021; Costa and
Savi, 2024; Costa et al., 2024). This work summarizes and this framework highlighting its main tools and demonstrating
its application in two sets of distinct harvesters.
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2. NDPF TOOLS

By examining the current literature, it became clear the lack of standardized methods for analyzing and, more crit-
ically, comparing nonlinear energy harvesters. The prevalent presence of potentially misleading analyses, which tend
to showcase only the favorable attributes of the studied harvester, further increases the challenge of conducting mean-
ingful comparisons with analogous devices. In response to these concerns, an analysis based on a nonlinear dynamics
perspective was utilized by the authors in previous works. This section comprehensively summarizes the main set of tools
that compose this integrated framework. This approach is designed to facilitate in-depth analyses of mechanical energy
harvesters and enable proper comparisons among different configurations. By doing so, it is possible to concurrently
investigate different (positive and negative) facets of the configurations proposed in this work. A brief description of the
main framework techniques is elucidated in the next subsections.

2.1 Dynamical Responses Diagrams (DRDs)

Dynamical Responses Diagrams (DRDs) can be used as a tool to map and quantify the dynamical attractors of the
system resulting from a specific initial condition within a 2D parameter space of choice. The diagrams are built with a
grid of N, x IV, sample points, each of which is obtained from a time series integration from an initial time, #¢, to a final
time, ¢y, considering a suitable integration time step. A time ti,ans is chosen to determine when in the time series the
transient regime is considered to be over (usually it is chosen as tt;ans > 0.7¢f). Additionally, all the samples have the
same initial conditions to standardize the analysis.

From each sample, a behavior is classified. All classifications are based on the Lyapunov exponents spectrum and the
verification of the steady state Poincaré map. Initially, the first two Lyapunov exponents, A\; and \q, are analyzed. The
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Figure 1. Procedure for classifying periodic attractors. a, b, and c represent real data, and x1, s, - ,x, the state
variables. Light gray arrows with “x” indicate inequality, red arrows labeled “=" show equality at the i*" position, and

orange arrows with a v' highlight when the 2i*" value equals the i*". The largest classification is selected as the final

classification, marked by a green checkmark.

behavior is classified based on the signal of the exponents, in which three behaviors are analyzed (periodic, chaotic and
hyperchaotic). If the classification is chaotic or hyperchaotic, the classification procedure is over. Alternatively, if the
classification is periodic, then the Poincaré map of the steady state time series sample is analyzed. A list of values with all
the points of the Poincaré map is loaded, and the last point is used as the reference. Then, the previous points are analyzed
one by one until it is found an equal at the 7** position. After that, if it finds another equal value in the 2i*" position, then
it can be classified as a i-periodic candidate, if not, it continues to analyze previous points until these two conditions are
met. The same procedure is done for all dimensions of the system, and the greatest periodic behavior found is used as
the final classification. The comparison for all state variables is needed as limiting the observation to only one direction
may yield misleading results of smaller periodicity due to the alignment of points in this direction. To avoid numerical
errors, a tolerance of Pio] = (Tmax — Tmin) Omethod fOr each state variable must be placed when comparing the points,
where x,,x and x,;, are the maximum and minimum values of the state variable between t,.,s and ¢; (steady state),
and Opethoq 18 the order of error of the method of integration. The procedure depicting the comparison of the Poincaré
map data is illustrated in Figure 1.

The resulting DRD is a 2-dimensional diagram where the different dynamical behaviors are classified by colors. In the
context of this work, considering that T represents the excitation per period, the following classifications are considered:
dark gray (1T), yellow (2T), green (3T), orange (4T) and purple (5T). Light blue is employed to represent responses with
a period equal or greater than 6T, which means multiple periods (MP). Red regions represent chaotic (CH) responses,
while dark red regions represent hyperchaotic (HC) responses.
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2.2 QOutput Power Diagrams (OPDs) and Performance Comparison Diagrams (PCDs)

One-dimensional diagrams, typically frequency diagrams, are frequently used in the literature to analyze the perfor-
mance of energy harvesting systems (Yuan et al., 2019; Li et al., 2021; Lan et al., 2018). While this method has its merits,
with the growing number of proposed harvesters, each with its own unique features and increasing complexity, this sim-
plistic approach is proving to be inadequate. This approach often restricts the scope of analysis to a limited number of
scenarios. Typically, the authors vary one of all key parameters (usually the amplitude or frequency of excitation) while
keeping another key parameter constant. Also, they only consider a small set of values for that constant parameter. This
practice can result in misleading conclusions as the entire excitation parameter space is not well evaluated. This limitation
is particularly evident when comparing devices. Moreover, as computational power continues to increase, the generation,
acquisition, and manipulation of larger datasets are becoming more feasible, even for entry-level personal computers.
Consequently, the depth and sophistication of energy harvesting analysis, for both numerical and experimental analyses,
must progress to align with these technological advancements.

In this work, the performance of the energy harvesters is evaluated in terms of a wider perspective, contemplating a
considerable region of a parameter space of choice and summarizing the results in an Output Power Diagram (OPD). The
construction of each OPD relies on a similar procedure of the construction of the DRDs. However, instead of evaluating
the attractors, the OPDs show the steady state average electrical output power (or any variable related to that) under
excitation conditions. This type of two-dimensional performance diagram is not new to the literature, it has been shown
with other names in other works such as (Liao and Liang, 2019; Leadenham and Erturk, 2020). However, their application
in a comparative scenario is new.

In this context, a comprehensive performance evaluation of two harvester configurations is conducted using a Perfor-
mance Comparison Diagram (PCD). Each point on their OPDs is compared using a percentage difference metric, denoted
as AP(%), as outlined in Equation 1. Here, P, represents the performance metric of the reference harvester, while P
denotes the performance metric of the harvester under study.

AP(%) = [(Ps — P.) /P,] x 100. 1
Equation 1 is used to compute the percentage difference, which allows a classification based on three sets:

* AP(%) > 0: The harvester under study shows better performance;

* AP(%) = 0: Both harvesters present the same performance;

* AP(%) < 0: The harvester used as reference shows better performance.

With these integrated tools, it is possible to map and quantify the performance of energy harvesters across a wide range
of excitation conditions. Additionally, they enable robust comparisons between different energy harvester configurations.

2.3 Occurrence Diagrams (OCDs)

In general, nonlinear systems are characterized by their inherent complexity, where a small change in a parameter can
lead to very different results, rendering the analysis of these systems a non-trivial task. To address that, it becomes advan-
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Figure 2. Procedure for constructing occurrence diagrams (OCDs). Red points indicate the desired characteristic, gray
points do not. All red points are marked as 1 and gray points as 0. The final OCD is the sum of all datasets.
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tageous to map specific characteristics within a parameter domain for a range of values of system parameters and evaluate
the occurrence of that characteristic in each region of the parameter domain. The result of the analysis is summarized in an
Occurrence Diagram (OCD), allowing for a more informed estimation of the likelihood of these target features emerging.

The procedure to construct an OCD involves the progressive analysis of different 2D diagram datasets. To illustrate
this concept, consider a generic system characterized by three parameters: a, b and c¢. Within the parameter domain
defined by a X b, n distinct diagrams are generated, each representing a different value of the ¢ parameter (¢1, ¢, - , Cp).
Suppose our goal is to visually depict the prevalence of the red characteristic of the system and assess where, within the
a x b parameter domain, this characteristic is most prominent for a range of values of c.

To accomplish this, the process begins by assigning the number 1 to all data points exhibiting the red characteristic
and the number 0 to those that do not. Summing the values of each point in their respective locations within the parameter
domain results in a dataset that reflects how frequently the red feature appears at each unique point in the domain. This
procedure is illustrated in Figure 2.

(a) c=c1 (b) c=c2 (¢c)e=c3 (d) Resulting OCD
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Figure 3. The first 3 columns show pseudo-random diagrams used to create the OCD in the 4*" row. The colorbar indicates
the likelihood of the red characteristic appearing in the a x b parameter space, based on the input diagrams.

Moreover, 3 pseudo-random data were generated to simulate a data collection, to provide a comprehensive view of how
the number of analyzed sample diagrams influences the resulting OCD. In Figures 3a, 3b and 3c, these data collections
are displayed in diagrams, which are used to construct the OCD. The resulting OCD, presented in Figure 3d, indicates that
the area within the parameter space a X b that the red characteristic is mostly likely to emerge is predominantly centered
at the intersection of the three red areas. This serves as a comprehensive illustration of the procedure outlined in Figure
2. Increasing the number of data available to construct the OCD provides more accuracy in the predictions.

When the construction of an OCD involves evaluating characteristcis that can vary in maximum and minimum values
across different sample diagrams, such as performance metrics in the context of energy harvesting, a normalization step
must be performed before the summation of each dataset. This normalization takes the form of Equation 2, where Rlorm“
is the normalized value of average output power, ]5,»3», at each point in the single sample diagram, while P("™#*) denotes
the maximum value of this characteristic across all points within the same diagram.

IBHOYHIM = 7ij/P(maX)7 (Z =1, aN»L)v(] =1, 7Ny) 2

This normalization procedure results in all values within the sample diagrams being scaled to the range [0, 1], providing a
measure of the quality of the characteristic.

In the next sections the NDPF is employed to analyze two distinct sets of energy harvesters: The first concerning
multidirectional harvesters, while the second concerning multistable harvesters. Each set contains two harvesters with
similar features, facilitating direct comparison. The models are dimensionless mathematical systems that capture the
key qualitative characteristics of the harvesters, providing an overview of their physical attributes and performance. The
parameters related to each harvester is summarized in Tab. 1.

3. MULTIDIRECTIONAL HARVESTERS

The classical piezoelectric energy harvester (CPEH) consists of a cantilever beam with a piezoelectric transducer near
the fixed end and a tip mass at the free end. The multidirectional hybrid energy harvester (MHEH) builds on the CPEH
by adding a pendulum at the free end, which provides multidirectional capabilities. An electromagnetic transducer is
mounted at the pendulum’s support to capture its rotational energy, enhancing performance.

The MHEH is described by the dimensionless equations in Egs. (3) to (7). Equations (3) and (4) describe the motion
of the harvester parallel and perpendicular to the beam’s wider surface, respectively. Equation (5) details the pendulum’s
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Table 1. Simulation parameters for the energy harvesters.

CBEH vs CMEH CPEH vs MHEH

Parameter =~ CBEH Value = CMEH Value Parameter ~ CPEH Value MHEH Value
Q 0.01 — 10 0.01 — 10 Q 0.01 — 2 0.01 — 2
¥ 0.01 =+ 1 0.01 —» 1 vy 0.01 — 0.5 0.01 — 0.5
o 0 1 i 45° 45°

G 0.025 0.025 o 0.5 0.5

C2 0 0.025 Ca 0.025 0.025

Qg 0 0.25 — 2 @™ 0.025 0.025

aq —2 —2 Co 0 0.0025

[e 0 -1 Qs 1.87 0.01 — 2
B1 1 1 Q4 0 0.05

B 0 1 ¢ 0 1

X1 0.05 0.05 Xp= 0.05 0.05

X2 0 0.05 Xem 0 0.04

K1 0.5 0.5 Fpz 0.5 0.5

K2 0 0.5 Kem 0 0.4

P1 0.05 0.05 Ppz 1 1

02 0 0.05 Gem 0 0.25
(a) Classical Piezoelectric (b) Multidirectional Hybrid

Harvester (CPEH) Harvester (MHEH)

Piezoelectric

fg (‘ / transducer g ( Support
\ Z

Electromagnetic
transducer
/ Mechanical
Cantilever excitation
beam ’
. 7
Tip mass Pendulum —— ,

-~ -7

Figure 4. Conceptual representation of the evolution of the (a) classical piezoelectric energy harvester (CPEH) to (b) the
multidirectional hybrid energy harvester (HMEH).

dynamics, while Egs. (6) and (7) describe the dynamics of the piezoelectric and electromagnetic transducers.

(14 p) & + 2¢.2 + Q27 + pf [q’; cos (¢) — (ZQ sin (é)} = —(1+ p)Tp; 3)

(14 p) £ 4 262 + 2 = Xpo0 — pb [$5in () + 6 cos (6)| = —(1+ p)u; @)

q'g + 2@5(; + Qi sin (@) — Xeml + % [Z cos (¢) — Zsin (¢)] = % 2y sin (@) — &y cos (9)]; 3)

6+i+npzé:0; (6)
Ppz

I_+ SpemI_'i' Kfem(g = 0. (7

In this model, & and Z are the generalized coordinates for the motions parallel and perpendicular to the larger surface
of the beam, respectively, both relative to the base support. Subscripts L1, and [, indicate variables associated with the
x and z directions. The generalized coordinate ¢ corresponds to the angular position of the pendulum, with the subscript
[y referring to variables related to the pendulum. Variables with subscripts [J,,, and [, are associated with the piezo-
electric and electromagnetic transducers, respectively. The generalized coordinates © and I represent the voltage in the
piezoelectric circuit and the electrical current in the electromagnetic circuit, respectively. The constant ( is associated
with the system’s dissipation coefficients. ), is the ratio between the = and z natural frequencies, while {2 is the ratio
between the pendulum’s natural frequency and that of the z direction. The dimensionless constant ¢ relates to the pendu-
lum’s length, and p is the ratio between the equivalent masses of the pendulum and the beam. The parameters x and « are
associated with the electromechanical coefficients of the transducers, while ¢ relates to the equivalent resistances of each
transducer circuit. The multidirectional support excitation is defined by the harmonic functions Z;, = ~y sin (Q7) sin (f)
and Z, = ~ysin (1) cos (1), where « and §? are the excitation amplitude and frequency, respectively, and [ is the angle
of the excitation with respect to the perpendicular direction of the larger beam surface.

The CPEH is modeled by setting £ = (¢ = 1 = Xem = Pem = Kem = 0, while the MHEH includes all parameters
as non-zero. The performance of each harvester is evaluated by computing the total average output power using the
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following expressions:

PCPEH _ L (@RMS)Q

_ 1 _
or o PMHEH _ 1 (,ERMS)z + Gom (IRMS)2’ (8)

) avg Sopz

where the superscript (JRMS = \/ Tfim I [O(7))? dr refers to the root mean square (RMS) value of the generalized
coordinate, where 7 and 7 are the initial and final time of integration.

Consider the analysis of the MHEH. Using NDPF diagrams, a parametric analysis can be conducted to map and
quantify the harvester’s performance. Figure 5 provides an example of this mapping through 10 OPDs, which depict the
average output power for varying excitation frequency values, 2, across a two-dimensional parameter space defined by

key structural parameters €2, and 2.

(a) =01 x10°3 (b) 2=10.3 x1073 (¢c) =05 x1073 (d) =07 x103 () =08 x10-3
. g 018 g 1153 ¢ g 3580 [ g 83.78 [ . g 240.2
A

|

17.94 124.1

M0 & M 0.00
() Q=12 x10°3

116.5
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Figure 5. OPDs of Pavg for a fixed excitation amplitude 7= 0.3, showing excitation frequencies from (a) 2 = 0.1 to (t)
2 = 2. Rainbow colorbars indicate the range of P, values, with each diagram using 500 x 500 points.
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Figure 6. Occurrence Diagrams (OCDs) of the €25 x €2, parameter space for thresholds of (a) Pégf)n > 0.3, (b) Pég?ﬁz >

0.3, and (¢) P,EEXS; all) > (.3. Colorbars indicate the likelihood of each threshold, while black circles labeled 1-3 mark
specific {2, and €2, values of interest.

Qg
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This mapping enables the determination of average output power for a broad set of key parameter values. By utilizing
these data structures, an OCD can be generated to identify the optimal and suboptimal parameter combinations of {2
and €. Figure 6 summarizes the results of this process using 100 different OPD datasets, applying a threshold value of
Poorm = 0.3 for all transducers. The OCDs reveal that lower values of Q4 paired with higher values of €2 favor higher
performance, while the reverse leads to lower performance.

To further illustrate this, four points from the OCDs were selected, and the corresponding DRDs and OPDs for the
excitation parameter domain, {2 x -y, are shown in Figure 7. In these cases, configuration 1 exhibit higher overall per-
formance and a broader bandwidth, while configurations 3 and 4 demonstrate a gradual decline in performance. This
reduction is primarily attributed to a drop in output power from the electromagnetic transducer, as indicated by the bar
plots in the third column, which show the contribution of both piezoelectric (PZ) and electromagnetic (EM) components
to total power.

Additionally, the dynamic and performance mapping allows for the association of both characteristics. Figure 8(a)
shows the distribution of dynamical behaviors across all 100 cases, with 1T responses prevailing in 72% of instances.
However, when focusing on cases where Poorm > 0.3, hyperchaotic attractors dominate, indicating that most high-
performance cases are linked to hyperchaotic dynamics.
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Figure 7. DRD, OPD for overall average output power Pavg, and the power contribution of each transducer for (a) Config.

1, (b) Config. 2, and (c) Config. 3. DRD colorbars show different dynamical responses, while OPD colorbars display the

range of P,y,. Light red and orange bars represent the percentage contribution of the piezoelectric and electromagnetic
transducers, respectively. Diagrams are based on a 1000 x 1000 grid in the y x 2 parameter space.

(a) Attractor occurrence in all cases analyzed (b) Attractor occurrence — Prorm > 0.3

%

1T 2T 3T 4T 5T MP CH HC 1T 2T 3T 4T 5T MP CH HC

Figure 8. Percentage of dynamical responses for the 100 scenarios analyzed. (a) Overall percentage without filtering, (b)
Attractors with Pyom > 0.3 for both transducers, (c) Attractors with P22 > 0.3.

Finally, Figure 9 presents the comparison results between the CPEH and the MHEH. Figures 9(a) and 9(b) display
the OPDs for each harvester. The OPD for the CPEH highlights its narrow bandwidth, as documented in the literature.
Incorporating a pendulum into the electromagnetic harvester significantly expands the operational bandwidth but reduces
peak power, as shown by the OPD colorbars. The comparison is made using the PCD in Figure 9, which contrasts the
performance of both harvesters. The results reveal that the CPEH only surpasses the MHEH within its resonance regions
and a small adjacent area. In all other operational regions, the MHEH substantially outperforms the CPEH, as indicated
by the red colorbar, truncated at 10000%.

(a) CPEH OPD

(b) MHEH OPD (c) CPEH vs MHEH PCD

o . . -y 423.8 -y 379.3
0.5 7 N >10000%
=025 {1 211.9 1 189.7 0%
0.01 & : : : ] ) & : : : =] I b ‘ ‘ ‘ AV <—100%
0.01 0.5 1 1.5 2 0.01 0.5 1 1.5 2 0.01 0.5 1 1.5 2
Q Q Q

Figure 9. Comparison of harvesters: (a) OPD for CPEH, (b) OPD for MHEH, (¢) PCD for CPEH vs MHEH. Rainbow
colors in (a) and (b) denote P,y; black and red in (c) indicate AP (%) per Eq. (1).

4. MULTISTABLE HARVESTERS

The conventional bistable energy harvester (CBEH) is composed of a cantilever beam working as a structural com-
ponent. A piezoelectric patch is attached to the region near the beam’s fixed end. A tip mass with a magnet is attached
at the beam’s free end. This magnet interacts with a fixed external magnet, and this interaction produces bistability. The
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compact multistable energy harvester (CMEH) is a natural evolution of the bistable energy harvester as displayed in Fig.
10. In the CMEH, the main beam is modified to accommodate an inner beam with similar characteristics, resulting in a
space-efficient design. This design places two transducers in previously unused space and introduces additional magnetic
interactions, producing a compact harvester with multistable characteristics.

(a) Conventional Bistable (b) Compact Multistable Energy
Energy Harvester Harvester

Mechanical
Piezoelectric Excitation

/ transducer \ %

Magnets

4 <

Figure 10. Conceptual representation of (b) the compact multistable energy harvester (CMEH), illustrating its compact
and space-efficient design, which is comparable in size to (a) the conventional bistable energy harvester (CBEH).

Cantilever beam

Tip mass

The CMEH can be represented by the dimensionless system of Eqs. (9) to (12). Equation (9) describes the motion of
the outer beam, while Eq. (10) describes the dynamics of the inner beam. Equations (11) and (12) are the expressions that
represent the outer and inner piezoelectric elements, respectively.

214202 — 26 (22— 21) + (1 + 1) 210 + B12]) — pF (2 — 21) — X101 + XaD2 = —Zb; ©)
pZ2 4 2(2 (22 — 21) + q2Za + Pozs + pQ2 (22 — Z1) — Xal2 = —Zp; (10)
U1 + 101 + K121 = 0; (11)
Vo + @als + Ko (29 — 21) = 0. (12)

In this model, subscript [J; refers to the outer beam, while subscript [y refers to the inner beam. The generalized
coordinate z represents the relative displacement perpendicular to the larger surface of the beam, and v represents the
voltage between the surfaces of each piezoelectric element. These generalized coordinates are functions of time, with
O denoting the time derivative. The mechanical dissipation coefficients are denoted by (. The polynomial coefficients
« and S fit the total resulting nonlinear restitution force of the magnetic interactions. The ratio between the inner and
outer equivalent masses is represented by p, and €); is the ratio between the first natural frequencies of the inner and
outer beams. The electromechanical couplings of the piezoelectric elements in the mechanical and electrical equations
are denoted by x and k, respectively. The term ¢ is related to the inverse of the resistance in each piezoelectric equivalent
circuit. Finally, 2z, = 7 sin ({27) describes a harmonic support excitation, where ~ is the amplitude, (2 is the frequency of
excitation, and 7 is time.

The CBEH can be described by making p = Qs = (o = ag = f2 = X2 = w2 = kg = 0, while the CMEH is
represented by all parameters different from zero. The performance of each harvester can be done by evaluating the total
average output power of each harvester utilizing the following expressions:

2
pPOBEH _ (5¥M8)27 PCMEH _ Z [% (@RMS)ﬂ . (13)

avg avg %
i=1

Consider the analysis of the CMEH. Using NDPF diagrams, various configurations with different structural parameter
values, €25, can be examined, as shown in Fig. 11. Each column represents a distinct configuration: the first row displays
the corresponding DRD, while the second row presents the corresponding OPD for each configuration. The results
demonstrate that varying structural parameters shifts the peak power region toward higher frequencies, {2, as changes
in {2 alter the system’s fundamental frequencies. However, the overall shape and characteristics of the performance
distribution across the two-dimensional parameter domain remain largely consistent between configurations, with regions
of high, medium, and low performance located similarly within the diagrams. par The analysis presented in Figure 11
suggests the need for a more detailed investigation to identify the optimal performance regions. To this end, consider
constructing an OCD with eight distinct OPDs corresponding to different configurations, each with a unique 24 value
from the set (0.25,0.5,0.75,1.0,1.25,1.5,1.75,2.0), as shown in Figure 12(a) for Pnorm > 0.01. This threshold
highlights regions where the harvester achieves more than 1% of the maximum Pavg. Using this approach, areas of
interest can be identified and delineated, as shown in Figure 12(b). The green area, labeled A, represents the region
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(a) CMEH DRD (€, = 0.25) (¢) CMEH DRD (Q, = 1) (e) CMEH DRD (Q, = 2)

(d) CMEH OPD (Q, = 1) 158.82

29.43 39.70

Figure 11. CMEH dynamics and performance mapping: (a) DRD for Q5 = 0.25, (b) OPD for (.25, (c) DRD for Q25 = 1,
(d) OPD for 2, = 1, (¢) DRD for 2, = 2, (f) OPD for 2, = 2.

of highest performance, with a consistent concentration of good results. In contrast, the yellow area, labeled B, shows
significant fluctuations due to intermittent irregular points of high and low performance. Region C, shown in orange,
is similar to B but with fewer occurrences. Finally, the red area, labeled D, indicates poor performance and should be
avoided in the harvester’s design. Consequently, regions A, B, and C are classified as areas of interest.

(a) Occurrence of Phorm > 0.01 (b) Delimited Areas of Interest

100% LE

50% & 0.5

0.01 2 4 6 8 10 0.01 2 4 6 8 10
Q Q

Figure 12. (a) OCD for P, > 0.01. (b) Identified regions of interest

After identifying the regions of interest, a single CMEH configuration with 25 = 0.25 is selected, and the comparison
with the CBEH is displayed in Figure 13. Figure 13(a) presents the OPD for the CBEH, while Figure 13(b) illustrates the
OPD for the CMEH. Figure 13(c) shows the PCD comparing both OPDs. Both harvesters display similar OPD patterns,
with regions of low, medium, and high performance occurring in comparable areas of the two-dimensional parameter
space. However, the CMEH achieves nearly twice the maximum performance of the CBEH, as reflected by the colorbars.
The PCD in Figure 13(c) offers a clearer comparison, with the colorbar limits truncated by 50% for better visualization.
In the medium to high performance regions, the PCD demonstrates that the CMEH consistently outperforms the CBEH.

(a) CBEH OPD

(b) CMEH OPD
T ‘ ‘

(¢) CBEH vs CMEH PCD
‘g 7 l e . i

117.7

65.92

< 05 32.96

0.01 £ : : : : 2 A
000 2 4 6 8 10

Figure 13. Comparison of harvesters: (a) OPD for CBEH, (b) OPD for CMEH, (¢) PCD for CBEH vs CMEH. Rainbow
colors in (a) and (b) denote P,,; black and red in (c) indicate AP (%) per Eq. ().

5. CONCLUSIONS

This work highlights the importance of a nonlinear dynamics approach for mapping, quantifying, and understanding
the key design characteristics of energy harvesting systems. It summarizes and demonstrates the main tools from the
recently proposed Nonlinear Dynamics Perspective Framework (NDPF) on two sets of energy harvesters: the first set
includes two types of multistable harvesters, and the second set features a classical piezoelectric harvester and a multi-
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directional hybrid harvester. The demonstrations effectively identify the optimal and suboptimal parameter combinations
and provide a thorough comparison of the harvesters across a broad excitation parameter space.

The nonlinear dynamics approach enables a deeper exploration of the complex behaviors and interactions within these
systems, leading to more efficient and robust designs. This approach is especially relevant today, with the widespread
availability of high-performance computing. Moreover, these techniques are recommended for both numerical and exper-
imental studies, as they are applicable to practical scenarios.
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