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Abstract 6 

Knowing the nature of damping in piezoelectric energy harvesters can lead to proper damping and 7 

electromechanical models and designing highly efficient harvesters with less damping. As an attempt 8 

toward a better understanding of damping in piezoelectric energy harvesters, this paper presents 9 

experimental results for structural and viscous air damping coefficients extracted directly from 10 

voltage measurements under shock-induced tests. Free-vibration excitations are analyzed using the 11 

modified Short-Term Fourier Transform and Resampling method. Seven cases are studied, namely 12 

Macro Fiber Composite with different substrate shims, different bonding layers, and with or without 13 

a tip mass. The damping coefficients can be reliably extracted using an up-chirp driving signal and 14 

analyzing the system's decay curve, without the need for full measurement of harmonic response over 15 

a wide frequency range. The results also indicate that the damping coefficient is not independent of 16 

the base excitation amplitude and can increase up to 30%. The relative significance of viscous air 17 

damping and structural damping mechanisms is identified in each case. The dependency of viscous 18 

air damping on the base excitation amplitude is also evaluated. The experimental results highlight the 19 

significance of the bonding layer in structural damping, which can account for approximately 60% of 20 

the total damping. In the absence of a substrate shim and bonding layer, the main contribution to 21 

energy dissipation is viscous air damping. While an added tip mass increases the output power, it also 22 

escalates the viscous air damping to approximately 40% due to increased beam tip deflection.  23 

Keywords: Piezoelectric, Energy Harvesting, Viscous damping, Structural Damping, Bonding Layer. 24 

1. Introduction 25 

The recovery of wasted energy using energy harvesting technologies is now widespread due to the 26 

global energy crisis, rising power demand, and environmental pollution [1], leading to alternative 27 

ways to power electronic devices. Nowadays, microelectronic devices consume significantly less 28 

energy, thanks to rapid science and technology advances, enabling battery replacement or battery 29 
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recharging [2]. This will enable electronic devices to be installed in remote areas using available 1 

natural energies, avoiding pollution, labor cost, and replacement cost [3]. The direct piezoelectric 2 

effect [4] has been widely used for vibration energy harvesting (VEH) applications [5], aiming to 3 

generate low power for small electronic components, such as autonomous sensors [6], or for large-4 

scale power generation, such as smart pavement systems [7]. The essential vibrational parameters in 5 

piezoelectric VEH are the natural frequency, the damping ratio, and mode shapes. Piezoelectric 6 

energy harvesters (PEHs) generate maximum voltage output when deformed with a driving frequency 7 

close to their fundamental frequency [8]. In many practical cases, an added mass can control the 8 

fundamental frequency [8,9], enabling structural deformation to be considerably amplified at the 9 

working frequency [10]. Moreover, any source of energy dissipation, such as strain rate material 10 

damping or air resistance, reduces the generated power [11], and accordingly, efforts are made to 11 

keep the damping ratio as low as possible in harvester design [12]. Finally, mode shapes determine 12 

the mechanical strain pattern in the energy harvester (strain is proportional to the applied stress [13]) 13 

and consequently influence the electrical power output. 14 

Although damping affects the power output of PEHs [14], there appears to be no comprehensive 15 

study determining the damping systematically in a typical harvester. For instance, for modeling a 16 

multilayer piezoelectric harvester, the damping coefficients of different layers are often considered 17 

constant [7]. While studies calculate damping coefficients from measured responses, there are 18 

considerable differences in their results. For instance, DuToit and Wardle [15] reported mechanical 19 

damping of 𝜁𝑚 =1.78% for a PZT-5A bimorph from Piezo Systems, Inc. (T226-A4-503X), while 20 

Erturk and Inman [16] reported 𝜁𝑚 =2.7% for the same bimorph with 12g added tip mass, and Kim 21 

et al. [17] reported 𝜁𝑚 =8.2% for the same bimorph with the same added tip mass.  22 

Energy dissipation sources comprise air resistance, support loss, and structural damping [18].  23 

Typically, a cantilever PEH comprises several layers, with a piezoelectric layer bonded to other 24 

layers. The bonding layer may become a source of structural damping. In a hybrid material 25 

comprising two low damping materials, the viscoelastic contact layer’s damping effect can be 26 

substantial [19]. Zhou et al. [20] investigated viscoelastic damping materials. Khazaee et al. [21] 27 

showed that the bonding layer condition could significantly affect mechanical damping. Arafa and 28 

Baz [22] investigated the piezoelectric composites' structural damping and showed that the composite 29 

internal structure would change the internal loss factor. Nevertheless, in many PEH studies, energy 30 

dissipation is assumed to be purely due to viscous damping [15], while, for instance, the damping 31 

source in a piezoelectric harvester can be due to the hysteresis behavior [23] and also internal material 32 

frictions. In piezoelectric composites, the structural lay-up can amplify the material internal damping 33 
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[24]. Khazaee et al. [25] employed a simple one-degree-of-freedom model to show how different 1 

proportions of structural and viscous damping could affect resonant electrical power estimation. In 2 

particular, they showed that the use of a purely viscous damping model could lead to inaccuracy. 3 

Cooley et al. [26] pointed out the importance of viscous and structural damping models, stating that 4 

experimental tests are required to clarify viscous and structural damping roles in each configuration.  5 

For the damping parameter determination in PEHs, the simple peak decay [27], the peak bandwidth 6 

[28], curve fitting [29], and the subspace system identification (SSI) [30] methods can be used. In the 7 

simple peak decay method, the damping parameter is estimated from the logarithmic decrement 8 

observed in the free-vibration response [31]. Due to noise in a measured time-domain signal, the 9 

decrement analysis is often accompanied by uncertainties. Moreover, the simple peak decay can only 10 

extract the fundamental vibration mode damping, not that for any higher modes. In the peak 11 

bandwidth method, the damping is extracted from the bandwidth of the frequency response function. 12 

In this method, the harvester needs to be excited in a wide range of frequencies for forming the 13 

frequency response function, which will be very time consuming because of the numerous test tries. 14 

Classical curve fitting or SSI methods, such as a circle or line fitting, require multi-sensory data 15 

obtained from various experimental tests followed by complex numerical and optimization 16 

algorithms [32].  17 

An inaccurate assumption about the damping mechanism contributions leads to inaccurate power 18 

output estimation. Therefore, there is a need for a systematic method to identify and measure the 19 

contributions of viscous and structural damping mechanisms. Both viscous damping [33] and 20 

structural damping [34] can be significant in each specific application due to the load conditions, 21 

boundary conditions, and material lay-up. Banks and Inman [35] showed a combination model of the 22 

viscous air and the structural internal friction damping would have the best agreement with 23 

experimental results. Nonetheless, clarifying the contributions of viscous and structural damping 24 

mechanisms is still an unmet goal. Potentially, the bonding layer, as an inseparable part of 25 

piezoelectric energy harvesters, can be a source of damping; yet its damping effect has not been 26 

studied. Approaches for the damping coefficient extraction require many experimental tests, multi-27 

sensory data, or complex numerical and optimization algorithms. Thus, deriving an objective 28 

approach applied directly on the piezoelectric voltage measurements, capable of extracting modal 29 

parameters for different vibration modes, is an unmet goal. In this study, a modified Short-Term 30 

Fourier Transform and Resampling (STFR) approach is proposed for the damping determination that 31 

can be simply applied on the voltage measurements without any pre-knowledge or model about the 32 
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harvester. The modified STFR is capable of extracting modal parameters for each mode of interest 1 

from one set of data.  2 

By testing piezoelectric harvesters at various base acceleration amplitudes and with different beam 3 

structures, the viscous air damping and the structural damping are determined. This systematic way 4 

of investigating the damping is novel. Furthermore, the present study experimentally separates the 5 

damping effects of the viscous air damping, the bonding layer's structural damping, and the structural 6 

damping of the piezoelectric composite. Different bonding layers, as an essential structural part in 7 

PEHs, and their damped responses are analyzed. Besides, the effect of added tip mass on the damping 8 

is investigated. These novel research outcomes extend the current knowledge of damping mechanisms 9 

in PEHs and enable accurate damping modeling in them. The approach presented here can be applied 10 

to different PEHs, and the identified viscous and structural damping coefficients can be used for 11 

accurate PEH modeling using a recently developed finite element model [36]. 12 

In this study, experimental investigations are carried out to find structural and viscous damping 13 

contributions to a piezoelectric harvester in conditions with and without added tip mass, with different 14 

substrate shims, and with different bonding layers. Macro Fiber Composite (MFC), a flexible 15 

piezoelectric composite, is used as the active layer.  As discussed in section 2, experimental tests are 16 

carried out using a cantilever PEH in series with a resistive load and measuring only the load voltage 17 

to track the vibration of the cantilever. Observations of the decay of free-vibrations are used for 18 

extracting the damping coefficient, as in some previous studies [37]. However, in contrast to previous 19 

energy harvesting studies, here, the modified STFR, as discussed in section 3, is used. Section 4 20 

presents air damping and structural damping data extracted for different configurations. The 21 

excitation acceleration effect on air-damping is also investigated for the bending modes in 22 

configurations with a substrate shim and without.  23 

Comparison of different configurations shows that the structural damping coefficient for the 24 

bonding layer can be readily distinguished from viscous air damping, such that both may be 25 

quantified. The structural damping due to the bonding layer seems to be a substantial fraction of the 26 

total damping. It is shown that the viscous air damping depends on the harvester tip deflection and 27 

increases with tip deflection. The results also illustrate how the STFR method enables reliable 28 

extraction of damping parameters for different modes from a single decay curve. 29 

2. Experimental setup and piezoelectric samples 30 

The test rigs for all the experimental measurements are shown in Fig. 1Error! Reference source 31 

not found.(a) and (b). An aluminum base plate is used to connect a B&K LDS V201 shaker to the 32 
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piezoelectric sample as well as providing a site for the accelerometer. The piezoelectric sample is 1 

clamped to the base plate at one end using an aluminum clamp bar, tightened with two bolts. The 2 

amplifier is controlled with a National Instruments NI 9263 module, which generates analog voltage 3 

signals. A KEPCO BOP 100-10MG amplifier and B&K LPA 100 amplifier are used to amplify the 4 

signals and power the shaker. The accelerometer measures the applied base excitation acceleration. 5 

Output wires from each electrode of the piezoelectric harvester are connected across a purely resistive 6 

load of resistance R. Two Data Acquisition (DAQ) systems are employed for reading the sensor and 7 

piezoelectric voltage outputs, as shown in Fig.Error! Reference source not found. 1(c). The first 8 

DAQ system is an 8-channel National Instruments NI 9201 module for reading the voltage across the 9 

resistive load (which is also the voltage across the harvester) and the DC accelerometer output for a 10 

two seconds duration with a sampling rate of Fs=6 kHz. Both the NI 9263 and NI 9201 modules are 11 

placed in an NI cDAQ 9172 chassis connected with a USB cable to the computer. LabviewTM software 12 

is utilized for generating the desired signal and for recording data. The second DAQ system, B&K 13 

3676 stand-alone LAN-XI DAQ, is used for recording the B&K accelerometer and the force 14 

transducer data. The BK Connect software directly controls this DAQ system. 15 

(a) 

 

 

(b) 
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(c)   

Fig. 1. (a) The piezoelectric sample with the cantilevered configuration attached to the shaker for 1 

Group I tests, (b) the cantilevered piezoelectric sample for Group II and III tests, and (c) data 2 

acquisition setup for recording the piezoelectric voltage, accelerometer, force transducer, and 3 

displacement laser sensor. 4 

Seven samples are tested in this study; one comprises only the MFC of 0.3mm thickness, while 5 

the others comprise the MFC, a substrate shim, and a bonding layer. The bonding layer joins the MFC 6 

and substrate shim. The added tip mass is also considered in some configurations. Error! Reference 7 

source not found. Fig. 2 (a) shows the sample with the substrate shim and the tip mass. The Macro 8 

Fiber Composite (MFC) used is M-8528-P2 type, from Smart Material Inc. [38], which serves as a 9 

piezoelectric bending energy harvester. The MFC has seven sub-layers: two Kapton outer layers, two 10 

acrylic layers, two electrodes, and one central active piezoelectric layer. More information about the 11 

MFC can be found in Smart Material Inc. [38].  12 

Six different variations of the bonding layer and the substrate shim are tested. Loctite epoxy rapid 13 

332, Loctite epoxy 3430, 3M Company 9084 double-sided tape, and Tesa® 4964 double-sided 14 

adhesive tape are the four bonding layer materials. The 120-µm aluminum, 100-µm brass, and 100-15 

µm copper shims serve as substrates in the harvesters. Table 1 lists the harvester materials and the 16 

thickness properties. In some harvesters, a steel tip mass is added to the beam. In Group I tests, the 17 

tip mass is cylindrical, while in the group II and III tests, the tip mass is a rectangular steel shim. Fig. 18 

2 (b) shows the tip mass for group II and III tests. To ease comparison of results, the samples are 19 

categorized into three groups, as shown in Table 1. Group I tests are designed to separate the viscous 20 

and structural damping and isolate the bonding layer damping effect. In Group II tests, a 60-mm 21 

length Tesa® adhesive tape is attached to the substrate shim, as shown in Fig. 2 (c), and the structural 22 

damping effect of this tape is studies. In Group III tests, different bonding layer types and their 23 

damping effects are investigated. The three types of bonding layers are illustrated in Fig. 2 (d)-(f). 24 

The 3M Company's double-sided tape is a 100µm acrylic-type adhesive with 8.0 N/cm adhesion to 25 
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Stainless Steel, while the Tesa® adhesive tape is a 1200µm natural-rubber-type adhesive. The Tesa® 1 

adhesive tape is more elastic than the 3M Company's tape. 2 

Table 1. The tested energy harvesters' properties, dimensions, and material structure include the 3 

piezoelectric, bonding, and substrate layers. 4 

Group 

No. 

Sample 

No. 

Piezoelectric 

layer 
Substrate shim 

Bonding layer 
Tip 

mass (g) Material 
Thickness 

(µm) 

I 

1 
MFC 

𝑡MFC=300µm 

- - - 
0 and 

4.2g 

2 𝑡𝑠=120µm aluminum Epoxy rapid 332 𝑡𝑐=260 
0 and 

4.2g 

II 

3 
MFC 

𝑡MFC=300µm 

𝑡𝑠=100µm brass Epoxy 3430 𝑡𝑐=300 
0 and 

9.2g 

4 
𝑡𝑠=100µm brass+ Tesa® 

adhesive tape 
Epoxy 3430 𝑡𝑐=300 

0 and 

9.2g 

III 

5 

MFC 

𝑡MFC=300µm 

𝑡𝑠=100µm copper 
3M Company 

double-sided tape 
𝑡𝑐=100 - 

6 𝑡𝑠=100µm copper 
3M Company 

double-sided tape 
𝑡𝑐=300 - 

7 𝑡𝑠=100µm copper Tesa® adhesive tape 𝑡𝑐=1200 - 

 5 
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 (a) 

 

(b) (c) 
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(d) (e) (f) 

 

Fig. 2. (a) The cantilevered-piezoelectric beam with a tip mass, (b) the steel tip mass, (c) the 60-mm 1 

length adhesive (damping) tape attached to the substrate shim, (d) 100µm double-sided tape 2 

bonding layer from the 3M Company, (e) 300µm double-sided tape bonding layer from the 3M 3 

Company, (f) 1300µm double-sided foam tape bonding layer from Tesa®. 4 

For base excitation, two types of signals are used. First, a harmonic excitation with different 5 

driving frequencies is applied to extract the generated power spectrum over a frequency range. This 6 

is used at different electrical loads to identify the optimum load for maximum power extraction. 7 

Second, a linear up-chirp sweep signal is used in order to study the decay of the output voltage signal. 8 

This second signal is used to identify natural frequencies and damping parameters.    The up-chirp 9 

signal 𝑦(𝑡) is sinusoidal with linearly increasing frequency, given by  10 

where 𝑌0 is the amplitude, 𝑡 is the current time, and 𝒻(𝑡) is the variable frequency of chirp. For a 11 

linear up-chirp, the frequency is given by 12 

𝒻(𝑡) = 𝒻0 +
𝒻1 − 𝒻0

𝑇𝑓
𝑡 (2) 

wherein 𝒻0 is the initial frequency, 𝒻1 is the target frequency, and 𝑇𝑓 is the target time. In this study, 13 

parameters are set to 𝑇𝑓=1 s, 𝒻0=1 Hz, and 𝒻1=1500 Hz. Comparing a chirp signal to an impulse, their 14 

power spectra are similar, but the phase spectra are distinct. The chirp signal excites a range of 15 

𝑦(𝑡) = 𝑌0 sin(2𝜋𝒻(𝑡)𝑡) (1) 
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frequencies and is locally approximately periodic. The peak acceleration, 𝐴𝑐 = (2𝜋𝒻1)2𝑌0, will be 1 

used as a measure of the chirp acceleration amplitude. A section of the chirp signal used in this study, 2 

along with its Fast Fourier Transform (FFT) and a typical system response, is shown in Fig. 3, where 3 

the system's decaying free-vibration can be clearly seen. 4 

 5 

(a) (b) (c) 

 

Fig. 3. (a) Typical examples of chirp excitation in the time domain (showing the first 1000 

samples), (b) FFT of the input signal, and (c) system response, starting from the end of the chirp. 

 6 

3. Method for extracting resonant frequencies and damping coefficients 7 

This section presents a method for calculating natural frequencies and damping coefficients using 8 

only the measured output voltage response during the free vibration stage. The method relies on 9 

analyzing the decay curve; only the system response to the chirp signal (or any impulse-like input) is 10 

needed.  11 

A method known as Short-Term Fourier transform and Resampling (STFR) has recently been 12 

developed for natural frequency and damping extraction in free vibration tests using the time response 13 

[39]. A series of modifications are applied to the method in order to increase its accuracy for this 14 

study. 15 

First, the STFR is developed, and the relationship between the damping and the decay of the 16 

voltage response is illustrated using a recently measured voltage response of a piezoelectric harvester 17 

[40]. Because piezoelectricity is a transducing property giving a linear relationship between 18 

mechanical strain and electric field, the measured voltage characterizes the response of the system. 19 

The natural frequencies and damping ratios can be extracted from the voltage response without 20 

requiring displacements or strains to be measured [16]. This simplifies the estimation of natural 21 

frequency and damping coefficient. Second, a Hann windowing function is introduced in the modified 22 
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STFR for the segmenting of the output voltage signal; this smooths the segmented signals and 1 

improves numerical stability. Third, a linear line fit on the logarithmic decay curve is introduced and 2 

compared with the exponential fit on the original STFR; this balances the contributions of the early 3 

peaks and the later peaks in the voltage response so that they contribute equally to the estimate of 4 

damping coefficient. Finally, in the presented STFR data, some optimization processes to maintain 5 

the curve fitting with the best possible accuracy are considered. These modifications will be described 6 

in detail in subsection 3.2. 7 

3.1. The damping coefficient in the decay voltage response 8 

Now consider how the damping coefficient can be found from the voltage response. Fig. 4 shows 9 

a measured free vibration response of sample 1 (No-Shim) harvester after an up-chirp base excitation. 10 

It can be seen that the response has a maximum in the early stage and the voltage output then decays 11 

away. Because the chirp excites a wide range of frequencies, the voltage response carries 12 

superimposed characteristics from several vibration modes.  A zoomed-in view of the free voltage 13 

response in Fig. 4 shows high-frequency harmonics superimposed on the fundamental. As a result, 14 

modal characteristics from the higher frequency modes can be extracted from a single decay curve. 15 

The response for a system with well-separated modes is modeled as the summation of independent 16 

responses from N vibration modes [41], and here we assume the same linear superposition feature.  17 

Moreover, from the general transient response of a single degree of freedom system, the voltage 18 

response for i-th mode can be expressed as [40] 19 

𝑉𝑖[𝑘] = 𝐴𝑖𝑒
−𝜁𝑖𝜔𝑛,𝑖(𝑘∆𝑇) sin(𝜔𝑑,𝑖(𝑘∆𝑇) + 𝜃𝑖) (3) 

where 𝜔𝑛,𝑖, 𝜔𝑑,𝑖 and 𝜁𝑖 are the undamped natural frequency, damped natural frequency, and 20 

mechanical damping coefficient for the i-th mode. The damped natural frequency is given by       21 

𝜔𝑑,𝑖 = 𝜔𝑛,𝑖√1 − 𝜁𝑖
2. Furthermore, 𝐴𝑖 and 𝜃𝑖 are the amplitude and phase constants that depend upon 22 

the initial conditions. The goal of the method in this study is to extract modal parameters, specifically 23 

𝜔𝑛𝑖
 and 𝜁𝑖 . First,  𝜔𝑑,𝑖 is estimated, and then the decay curve is fitted to the functional form 24 

𝐴𝑖𝑒−𝜁𝑖𝜔𝑛,𝑖(𝑘∆𝑇),  enabling 𝛿𝑖 = 𝜁𝑖𝜔𝑛,𝑖 to be evaluated. Having estimated 𝛿𝑖 and  𝜔𝑑,𝑖 for the mode 25 

under consideration, the damping coefficient can then be expressed as 26 
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𝜁𝑖 =
𝛿𝑖 𝜔𝑑,𝑖⁄

√(1 + (𝛿𝑖 𝜔𝑑,𝑖⁄ )
2

)

 
(4) 

 1 

Fig. 4. A typical voltage response from a piezoelectric sample subjected to an up-chirp; the decay 2 

voltage response shows the effect of primary vibration mode and higher harmonics. 3 

3.2. Step-by-step guide for the STFR 4 

To extract the natural frequencies, the time response signal is divided into segments, and each 5 

segment is multiplied by a Hann function to perform smoothing at the cut-off edges. Next, each 6 

smoothed signal is transformed to the frequency domain using the Fast Fourier Transform (FFT). The 7 

results give a time-dependent frequency spectrum, the Short-Term Fourier Transform (STFT) with 8 

Hann windowing.   In order to extract 𝛿𝑖 for the i-th mode, the STFT is used to form a peak decay 9 

curve. This approach enables a separate curve fitting for each mode. Segmenting the signal reduces 10 

the number of data points available in each FFT operation; to maintain resolution in frequency space, 11 

each segment was first zero-padded and then resampled as described in detail below. Fig. 5 shows 12 

the five main steps of the STFR method for extracting natural frequency and damping coefficients, 13 

which are as follows: 14 
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  1 

Fig. 5. Five main steps of the STFR process, (1) segmenting and windowing the voltage measured 2 

signal, (2) resampling and zero-padding the segmented signal, (3) Applying FFT on the segmented 3 

signal (STFT), (4) linear fit on the logarithm of the decay curve, (5) extracting the natural frequency 4 

and damping coefficient. 5 

Step 1. Consider the voltage signal measured with a sampling rate Fs, with Ns data points, specified 6 

as a data sequence 𝑉[𝑘]: 7 
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𝑉[𝑘] = 𝑉(𝑡 = 𝑘∆𝑇)   for  0 ≤ 𝑘 ≤ 𝑁𝑠 − 1 (5) 

where 𝑡, ∆𝑇 = 1/𝐹𝑠, and 𝑘 are, respectively, the time, time-step, and the sample number. 1 

By assuming a linear superposition characteristic for the voltage signal, all the vibration modes' 2 

effect shall be seen in the voltage signal provided that their contribution to the voltage is significant. 3 

In other words, the voltage signal is a summation of all the modes, 𝑉[𝑘] = ∑ 𝑉𝑖[𝑘]𝑁
𝑖=1 .  4 

The original measured signal 𝑉[𝑘] is divided into U segments, and each divided signal is 5 

multiplied by a Hann function. The segmented signal is denoted by 𝑉𝑢[𝑤]  (0 ≤ 𝑤 ≤ 𝑁𝑤 − 1), where 6 

the number of data points in each segment is 𝑁𝑤 = 𝑁𝑠/𝑈. Each segment 0 ≤ 𝑢 ≤ 𝑈 − 1 can be 7 

expressed as 8 

𝑉𝑢[𝑤] = 𝑉(𝑡 = (𝑢𝑁𝑤 + 𝑤)∆𝑇)ℋ(𝑤, 𝑁𝑤),        0 ≤ 𝑤 ≤ 𝑁𝑤 − 1. (6) 

where 𝑤 is an index number in each segment and ℋ(𝑤, 𝑁𝑤) is the symmetric Hann function with 9 

length  𝑁𝑤. In the segmented data, the average time within each segment is given by  10 

𝑡𝑚[𝑢] = 𝑢𝑁𝑤∆𝑇 +
𝑁𝑤

2
∆𝑇. (7) 

To generate the frequency spectrum from each segment of voltage measurements, the FFT is 11 

applied to the segment, giving 12 

𝑉̂𝑢[𝑛] = ∑ (𝑉(𝑡 = (𝑢𝑁𝑤 + 𝑤))∆𝑇)𝑒
−𝑗2𝜋

𝑛𝑤

𝑁𝑤
𝑁𝑤−1
𝑤=0 . (8) 

wherein n is the spectral frequency line. The FFT frequency resolution equals to ∆𝜔𝑛,𝑈 =
2𝜋𝐹𝑠

𝑁𝑤
=13 

2𝜋𝐹𝑠𝑈

𝑁𝑠
. This shows that for a given total number of data points (𝑁𝑠), by increasing the number of 14 

segments (U), ∆𝜔𝑛,𝑈 increases, meaning that the accuracy of resonant frequency deteriorates. 15 

Step 2. In order to improve the frequency resolution, the segmented signal is resampled by 16 

decimation with a factor 𝑑 and then is padded with zeroes by a factor of 𝑏. Thus, the total number of 17 

samples in the segmented signal is 𝑁𝑏 = 𝑏𝑁𝑤 and the sampling rate 𝐹𝑠 reduces to 𝐹𝑠/𝑑. With this 18 

resampling and zero-padding, the frequency resolution becomes ∆𝜔𝑛,𝑑 =
2𝜋𝐹𝑠𝑈

𝑏𝑑𝑁𝑠
. It is also worth 19 

mentioning that the Nyquist-Shannon sampling theorem should be satisfied when the decimation 20 
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factor d is being set in order to avoid aliasing. In this study, for instance, 𝑈 = 40, and 𝑑 = 10 is 1 

employed. 2 

Applying the FFT to the segment with resampling and zero-padding gives the spectrum 3 

𝑉̂𝑢,𝑑[𝑛] = ∑ (𝑉(𝑡 = (𝑢𝑁𝑤 + 𝑤))𝑑∆𝑇)𝑒
−𝑗2𝜋

𝑛𝑝

𝑁𝑏
𝑁𝑏−1
𝑝=0 . (9) 

Because the sampled data points in the segment are changed, the FFT peak value also changes, 4 

and therefore a scaling is performed to up-scale 𝑉̂𝑢,𝑑[𝑛] to that for the FFT without zero-padding, e.g. 5 

𝑉̂𝑢[𝑛]. 6 

Step 3. For each mode, a range of frequency is defined within which the natural frequency is 7 

expected to lie.  Then, the FFT, 𝑉̂𝑢,𝑑[𝑛], of each resampled segment is analyzed to find the maximum 8 

value within the range, 𝑉̂𝑚𝑎𝑥,𝑖[𝑢].  9 

Step 4. Plotting the peak values 𝑉̂𝑚𝑎𝑥,𝑖[𝑢] as a function of time forms a decay curve. Since the 10 

decay curve for the i-th mode is expected to have the exponential form 𝐴𝑖𝑒
−𝜁𝑖𝜔𝑛,𝑖(𝑘∆𝑇),  the peak 11 

values are represented on a logarithmic scale;  there is then an approximately linear relationship 12 

between segment number u  and the peak value logarithm. This gives all the data points the same 13 

weight in a least-square straight line fit. From Eq. (3), for the i-th mode, a linear relationship between 14 

the peak values of the STFT signals over time is expected, with  15 

log(𝑉̂max,𝑖[𝑢]) = log 𝐴𝑖 − 𝛿𝑖𝑡𝑚[𝑢] (10) 

where −𝛿𝑖 is the slope of the logarithmic peak-value line obtained from the STFR process. 16 

Step 5. The modal parameters 𝜔𝑑,𝑖 and 𝜁𝑖 are extracted as follows: From each STFR segment, the 17 

damped natural frequency  𝜔𝑑,𝑖[𝑢] is identified as the location of the peak value 𝑉̂𝑚𝑎𝑥,𝑖[𝑢]. The 18 

average of the 𝜔𝑑,𝑖[𝑢] values is used as an estimate of the damped natural frequency for the i-th mode, 19 

given by 20 

𝜔̅𝑑,𝑖 =
1

𝑢𝑙
∑ 𝜔𝑑,𝑖[𝑢]

𝑢𝑙−1

𝑢=0

 (11) 

Finally, 𝜁𝑖 is obtained from 𝜔̅𝑑,𝑖 and 𝛿𝑖 using Eq. (4). 21 
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In practice, steps 1 to 4 were repeated for different U values in order to identify an optimum 1 

segment length. Choosing a large U  value produces a greater number of data points for line fitting 2 

by Eq.(10), but also reduces the number of data points per segment, 𝑁𝑤, which can result in aliasing.  3 

Typically, U values of 20-40 were used. In addition, the 𝑉̂max,𝑖[𝑢] data points eventually deviate from 4 

a linear regression at high values of u. This happens because the signal to noise ratio decreases as the 5 

signal decays [32]. Therefore, for calculating the damping coefficients from voltage measurements, 6 

the noise ratio is considered a data truncation factor. The data was truncated at a u value, 𝑢𝑙, chosen 7 

to ensure that the error in the estimation of 𝛿𝑖 was less than 5% and the signal to noise ratio was 8 

greater than 5.  The optimum truncation limit 𝑢𝑙 varies from test to test.  In some cases, the first data 9 

point of the first segment exhibited an impact transient, which adversely affected curve fitting. In 10 

these cases, the very first data point was excluded. 11 

3.3. Methodology for distinguishing the structural and viscous damping contributions 12 

The mechanical damping, 𝜁𝑚, comprises a structural part, 𝜁struc, and an air (or viscous) damping 13 

part, 𝜁𝑎. This damping representation demonstrates good agreement with experimental data [35]. 14 

According to two experimental studies by Woolam [42] and Baker et al. [43], material damping shows 15 

either no dependence or slight dependence on the amplitude of vibration. Therefore, the observed 16 

amplitude-dependency of 𝜁𝑚 is due to amplitude-dependent increase in air damping. Baker et al. [43] 17 

showed experimentally that air damping varies approximately linearly with beam-tip deflection. 18 

Therefore, a combined damping model is considered as: 19 

𝜁𝑚  = 𝜁struc + 𝛼𝜁𝑎   (12) 

 20 

The STFR method calculates the damping at each shock-induced base excitation from the voltage, as 21 

shown in Fig. 6 (a). The damping model assumes that the air damping will also change due to 22 

changing beam tip deflection. Each sample is tested over a range of excitation magnitude to 23 

distinguish the structural and air damping. As the tip deflection increases, so also the viscous air 24 

damping increases. A line fit to the experimental damping coefficient data can be extrapolated back 25 

to the zero amplitude point to determine the structural damping contribution, see Fig. 6 (b). 26 
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(a) (b) 

 

Fig. 6. (a) the deformed beam under a base excitation and the STFR method for extracting the 1 

damping coefficient, and (b) the process to distinguish the viscous and structural damping 2 

contributions in the total damping. 3 

The process is applied to each sample for determining the structural damping effect of different 4 

materials, the amplitude-dependent part of the damping, and the investigation of the added tip mass 5 

effect on the damping. Fig. 7 presents the objectives of the experimental tests on the seven tested 6 

samples. By comparing the data from different samples, materials, and lay-ups, the relative structural 7 

and viscous damping contributions are studied. 8 
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 1 

Fig. 7. The present study objectives for seven samples concerning the structural and viscous air 2 

damping parameters. 3 

 4 

4. Experimental Results 5 

In this section, the modal parameters extracted using the STFR approach from seven sample types 6 

are reported. Results are reported in three groups; each aims to emphasize one or two particular 7 

objectives. Group I and II are designed to distinguish the structural and viscous damping and their 8 

contribution to the total damping. The effect of added tip mass is also investigated in these group 9 

tests. In Group III tests, the main objective is to explore different bonding layers. 10 

The electromechanical equations for a piezoelectric energy harvester are coupled equations 11 

relating mechanical vibration and electrical circuit parameters. In this work, the electrical load was 12 

optimized for maximum power output. For electrical load values close to the optimum load, the power 13 

output is insensitive to the electrical load [44] in an impact harvester, and therefore, it is not critical 14 

to precisely match the optimum load. Moreover, Erturk et al. [16] showed that the resonant frequency 15 

in short-circuit differs from the resonant frequency with a matched load by less than 0.5%. Hence, it 16 

is accurate to infer the harvester's natural frequencies from the resonant frequencies extracted with 17 

the matched load present.  The optimum load resistance was found to be 27 kΩ for all the harvesters 18 

used in this study.  19 

• Structural damping ⇒ for MFC

• Viscous damping ⇒ α and effect of 4.2g tip mass
sample 1

• Structural damping ⇒ for epoxy bonding layer 

• Viscous damping ⇒ α and effect of 4.2g tip mass
sample 2

• Structural damping ⇒ for epoxy bonding layer 

• Viscous damping ⇒ effect of 9.2g tip mass
sample 3

• Structural damping ⇒ for adhesive damping tape

• Viscous damping ⇒ effect of 9.2g tip mass
sample 4

• Structural damping ⇒ for the bonding layer of 3M 
100µm double-sided tapesample 5

• Structural damping ⇒ for the bonding layer of 
300µm double-sided tapesample 6

• Structural damping ⇒ for the bonding layer of 
Tesa® 1200µm double-sided rubber-type tapesample 7
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In order to test whether the choice of load resistor affects the damping parameters, decay curves 1 

were measured with a range of resistive loads: R = 100Ω, 27kΩ, and 10MΩ. A half-sine-impulse 2 

force was applied as the base excitation, and the resulting normalized voltage output is shown in Fig. 3 

8. Comparing the voltage responses at 100Ω (similar to short-circuit condition) and 27kΩ shows that 4 

they are almost identical, while for the 10MΩ case (similar to open-circuit), a deviation in both 5 

frequency and decay rate is evident. Thus the modal parameters measured with the 27kΩ optimum 6 

load in place are expected to match the short-circuit modal parameters.  7 

 8 

Fig. 8. Comparison of piezoelectric voltage outputs subjected to half-sine-impulse at different 9 

electrical loads. 10 

4.1. Group I tests (the MFC without and with the aluminum substrate) 11 

The Group I tests aim to separate viscous and structural damping roles in a cantilevered 12 

piezoelectric harvester in standard configuration and with a tip mass. Throughout this subsection, the 13 

label "No-Shim" refers to the MFC sample without substrate shim (sample 1), while "Alu-Shim" 14 

refers to the sample with a bonding layer and aluminum substrate shim (sample 2). 15 

4.1.1. Energy harvesters without tip mass 16 

Fig. 9 shows measured voltages from harvesters with and without substrate shim for the first 0.5 s 17 

after applying chirp excitation with a maximum acceleration of 1.77g0 (𝑔0 =  9.81 𝑚𝑠−2). Note that 18 

the  Alu-Shim case generates considerably higher voltages compared to the No-Shim case. This shows 19 

that the substrate shim can positively affect power generation from an energy harvesting perspective 20 

despite losses in the bonding layer. Another interesting outcome can be seen in the zoomed view of 21 

the signals in Fig. 9. In the No-Shim sample, high frequency (>100 Hz) voltage variations can easily 22 

be seen, unlike the Alu-Shim voltage response. This can be linked to the behavior of the bonding 23 

layer in the Alu-Shim sample, which strongly damps high frequencies in the voltage response. 24 
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 1 

Fig. 9. Piezoelectric voltage outputs for sample 1 (No-Shim) and sample 2 (Alu-Shim) at 1.77g0 2 

chirp excitation amplitude with R=27 kΩ. 3 

As a preliminary illustration of the resonant behavior of the energy harvesters, the FFT was applied 4 

to voltage responses measured after chirp excitation with varying acceleration. Fig. 10 shows that the 5 

No-Shim sample exhibits two clearly defined resonances, while in the Alu-Shim sample, only the 6 

first mode resonance is clearly visible. The first and second resonant frequencies for the No-Shim 7 

sample are 17 Hz and 106 Hz, respectively. Meanwhile, the first resonant frequency is approximately 8 

20 Hz for the Alu-Shim sample. Another local maximum is at approximately 38 Hz due to anti-9 

resonance [45], similar to the observation in Khazaee et al. [46]. The natural frequencies and the 10 

corresponding modes of the harvester were estimated using the finite element method by Khazaee et 11 

al. [36]. This showed a torsional mode around 160 Hz and a bending mode around 190 Hz in the Alu-12 

Shim case; the corresponding resonant peaks can be seen in Fig. 10 (b).  13 

(a) (b) 
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Fig. 10. Effect of increasing base chirp amplitude on STFT voltage responses for (a) sample 1 

(No-Shim) and (b) sample 2 (Alu-Shim). 

Next, the STFR approach is applied to free-vibration voltage responses in order to extract the 1 

resonant frequencies and damping ratios. Fig. 11 shows how the resonant frequency changes with 2 

respect to chirp acceleration amplitude (𝐴𝑐) for both No-Shim and Alu-Shim samples. The first mode 3 

resonant frequency of the Alu-Shim sample is approximately 20% greater than that of the No-Shim 4 

sample. The first resonant frequency of the No-Shim sample reduces as chirp acceleration increases, 5 

perhaps due to amplitude dependence of the MFC layer stiffness. Khazaee et al. [47] have previously 6 

observed similar softening effects in an energy harvester. Nonetheless, the other natural frequencies 7 

shown in Fig. 11 are relatively independent of chirp acceleration.  8 

(a) 

 

(b) 

 

Fig. 11. Variation of resonant frequencies with respect to the base excitation amplitude (a) first 9 

bending mode for No-Shim and Alu-Shim samples, and (b) second bending mode for No-Shim 10 

sample. 11 

The curve fitting results of STFR are used to extract mechanical damping, 𝜁𝑚, for the Alu-Shim 12 

and No-Shim samples. The resulting 𝜁𝑚 values for two bending modes in the No-Shim sample and 13 

13

16

19

22

25

0.5 1.5 2.5 3.5

w
d

(H
z)

Ac/g0

First bending mode

Alu-Shim No-Shim

90

95

100

105

110

115

120

0.5 1.5 2.5 3.5

w
d

(H
z)

Ac/g0

Second bending mode

No-Shim



21 

 

the first bending mode in the Alu-Shim sample are shown in Fig. 12, as a function of chirp 1 

acceleration 𝐴𝑐. By comparing the damping coefficients in Fig. 12, mechanical damping increases 2 

monotonically with amplitude in an approximately linear way.  Greater 𝐴𝑐 values lead to increased 3 

beam-tip deflection, and this, according to Woolam [42], increases mechanical damping. Similarly, 4 

as shown in Fig. 10, the damping has a linear dependency on base chirp acceleration, hence on beam-5 

tip deflection, assuming linearity. 6 

The structural damping 𝜁𝑠𝑡𝑟𝑢𝑐 can also be evaluated from Fig. 12, extrapolating to 𝐴𝑐 = 0. This 7 

indicates similar 𝜁𝑠𝑡𝑟𝑢𝑐 values for both modes in the No-Shim sample, but a much greater 𝜁𝑠𝑡𝑟𝑢𝑐 value 8 

for the Alu-Shim sample. Crandall [48] showed that adding a strip of viscoelastic damping tape to an 9 

aluminum plate can substantially increase the structural damping. An equivalent role is played here 10 

by the epoxy bonding layer in the Alu-Shim sample. The contribution of the aluminum shim to the 11 

structural damping is expected to be small [48].  12 

 13 

Fig. 12. Mechanical damping versus chirp base acceleration for the piezoelectric sample 1 (No-14 

Shim) and sample 2 (Alu-Shim). 15 

4.1.2. Effect of Added Tip Mass 16 

Tests were carried out with an added tip mass in the form of a 4.2g cylindrical mass with 10 mm 17 

diameter and 4 mm height affixed to the upper surface of each harvester, with its centre 5mm from 18 

the free end. Note that the No-Shim and Alu-Shim samples have 5.2g and 7.2g mass, respectively. 19 

Chirp base excitation with chirp acceleration amplitudes ranging from 0.8g0 to 2.4g0 was applied. 20 

 Fig. 13 illustrates the voltage variation due to an added tip mass for the No-Shim and Alu-Shim 21 

samples, using a 0.88g0 chirp amplitude. In both samples, the maximum voltage output is increased 22 
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by adding the tip mass. The added tip mass creates a significant transient in the voltage variation, 1 

which can be easily seen for both cases in Fig. 13 (a) and (b). After approximately 0.09 s in the Alu-2 

Shim sample, this transient vanishes but decays less rapidly in the Alu-Shim sample. A reason for 3 

this can be the greater stiffness contributed by the additional layers in the Alu-Shim sample. 4 

(a) 

 

(b) 

 

Fig. 13. Voltage output for samples with and without tip-mass and  𝐴𝑐 𝑔0⁄ = 0.88 (a) Alu-Shim and 5 

(b) No-Shim.  6 

Fig. 14 compares the maximum voltage measured in the Alu-Shim and No-Shim samples with and 7 

without added tip mass at various 𝐴𝑐 values. Greater chirp excitation generally causes a greater 8 

voltage. As expected from the state-of-art [49], the maximum voltage is increased by adding tip mass. 9 

Fig. 14 shows that this is so, regardless of the presence or absence of the substrate shim.  Meanwhile, 10 

the fractional voltage increase is greater for the No-Shim sample. This is partly because of a greater 11 

ratio of the added tip mass to the total harvester mass for the No-Shim sample. Another aspect is that 12 

the No-Shim sample is less stiff. The average generated power is of significance from an energy 13 
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harvesting perspective. The root mean square (RMS) generated power during the first 1 s after chirp 1 

excitation is shown in Fig. 15 for all the configurations tested. The RMS power for the No-Shim 2 

sample is significantly increased by adding the tip mass at all 𝐴𝑐 values. However, adding tip mass 3 

to the Alu-Shim sample did not change the RMS power significantly unless 𝐴𝑐 > 1.8g0.  4 

 5 

Fig. 14. Maximum voltage for Alu-Shim and No-Shim samples against excitation chirp amplitude. 6 

 7 

Fig. 15. Root mean square power for Alu-Shim and No-Shim samples against excitation chirp 8 

amplitude. 9 

As a preliminary illustration of the tip mass effect on the resonant behavior, the FFT is applied to 10 

the harvester voltage signals of Fig. 13, and the results are shown in Fig. 16. The FFT is shown in the 11 

frequency range of 0-120 Hz for clarity. While two resonances are clearly visible for the No-Shim 12 

samples, only one resonance can be seen for each Alu-Shim sample. In both sample types, adding tip 13 

mass decreases the first mode resonant frequency. However, the resonant peak value in the Alu-Shim 14 

sample remains almost constant with added tip mass while the peak value is sharply reduced for the 15 

No-Shim sample. Notice that the second-mode resonant peak increases considerably due to the tip 16 

mass for the No-Shim sample, indicating the effect of high-frequency harmonics induced by the tip 17 
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mass. The appearance of these higher harmonics was also evident in the voltage-time signal of the 1 

No-Shim sample in Fig. 13 (b). In order to check the consistency of these trends across a range of 2 

excitation amplitudes, the resonant peak values are shown in Fig. 17 as a function of chirp acceleration 3 

amplitude 𝐴𝑐. This shows that the patterns of behavior observed in Fig. 16 remain valid for all the 4 

excitation amplitudes. 5 

(a) (b) 

  

Fig. 16. FFT comparisons between signals with tip mass in (a) sample 1 (No-Shim) and (b) sample 6 

2 (Alu-Shim) at 0.88g0 base chirp excitation. 7 

(a) 

 

(b) 

 

Fig. 17. Variation of resonant peak values for sample 1 (No-Shim) due to the added tip mass, (a) the 8 

first mode and (b) the second mode 9 

The averaged resonant frequencies, extracted using the STFR process, are shown in Table 2 for 10 

both No-Shim and Alu-Shim samples with and without tip mass when the 0.88g0 chirp amplitude was 11 

applied. For both samples, added tip mass reduces resonant frequencies, as expected.  12 

Table 2. Resonant frequencies for sample 1 (No-Shim) and sample 2 (Alu-Shim) with and without 13 

tip mass. 14 

Description 
𝜔𝑑(Hz) 

Frequency ratio 
no tip mass 4.2g tip mass 
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No-Shim sample 

- first mode 

- second mode 

 

16.2±0.4 

108.6±3.5 

 

8.2±0.2 

78.0±3.6 

 

0.51 

0.72 

Alu-Shim sample 

- first mode 

 

21.3±0.7 

 

10.8±0.5 

 

0.51 

 1 

Fig. 18 shows how the damping coefficients, extracted by the STFR method, vary with chirp 2 

amplitude and added tip mass for both samples.  In all cases, the damping coefficient shows an 3 

increasing trend with chirp excitation amplitude. Added tip mass increases the tip deflection, and 4 

consequently, the contribution of air damping becomes greater. This can be seen in Fig. 18, for both 5 

No-Shim and Alu-Shim samples, as an increase in the total mechanical damping, 𝜁m. However, this 6 

air damping increase is not the same when comparing the No-Shim and Alu-Shim samples. For an 7 

identical added tip mass, the No-Shim sample has greater deflection than the Alu-Shim sample, which 8 

has the greater stiffness. As a result, there is a more significant air damping increase in the No-Shim 9 

sample.  10 

(a) (b) 

  

Fig. 18. Damping coefficient variations of first-mode due to adding 4.2g tip mass for (a) sample 1 11 

(No-Shim) and (b) sample 2 (Alu-Shim). 12 

4.2. Group II tests (the brass-substrate MFC with and without adhesive tape) 13 

Group II tests are designed to clarify the structural damping effect of adhesive layers. As in 14 

Crandall's study [48], by adding an adhesive damping tape to the beam, the adhesive tape's structural 15 

damping can be clarified. The adhesive tape is a strip of Tesa® rubber-type adhesive tape with the 16 

dimensions 60×20×1.2 mm3. Two samples in this group are tested; sample 3, which does not have 17 

the adhesive damping tape, and sample 4, to which the adhesive damping tape is attached. The 18 

substrate for both samples is a 100µm brass shim. The samples are also tested with an added tip mass 19 

of 9.2g. 20 
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Fig. 19 illustrates the time signals for samples 3 and 4 with and without the 9.2g tip mass. The 1 

9.2g added tip mass adversely affects the harvester voltage generation performance reducing the peak 2 

voltage magnitude. Regardless of the tip mass, when the adhesive tape is added to the substrate, the 3 

output voltage is decreased. The tests are repeated for different excitation amplitudes, and the peak 4 

voltage is shown in Fig. 20 versus the applied force. Fig. 20 shows that adding the adhesive tape 5 

reduces the peak voltage for all excitation amplitudes. Exploring the root of these voltage variations 6 

is possible by extracting the modal parameters in the different configurations because the 7 

piezoelectric layer is identical in all these configurations. 8 

 9 

Fig. 19. The comparison of time signals for samples 3 (no adhesive tape) and 4 (with adhesive tape) 10 

with and without the 9.2g tip mass. 11 
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 1 

Fig. 20. Peak voltage for samples 3 (no adhesive tape) and 4 (with adhesive tape) versus base 2 

excitation amplitude (equivalent to applied force). 3 

Fig. 21 (a) and (b) respectively present the natural frequencies and damping coefficients in the 4 

case with adhesive tape and a 9.2g tip mass. As expected, the tip mass decreases the natural frequency, 5 

while the adhesive tape has a negligible effect on the natural frequency. Fig. 21 (b) shows that the 6 

adhesive tape and the tip-mass increase the damping coefficient. The adhesive tape has a more 7 

substantial effect on the damping increase than the 9.2g added tip mass, which is a reasonable choice 8 

of the tip-mass. These damping increases are consistent with the reduction of peak voltage due to the 9 

adhesive tape and the tip mass observed in Fig. 19 and Fig. 20. The adhesive tape's structural damping 10 

can be obtained by subtracting the damping coefficient of sample 3 (no adhesive tape) from sample 11 

4 (with adhesive tape). 12 

(a) (b) 

 

Fig. 21. The comparisons of (a) the natural frequency and (b) damping coefficient for samples 3 (no 13 

adhesive tape) and sample 4 (with adhesive tape) with and without a 9.2g tip mass. 14 
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4.3. Group III tests (the copper-substrate MFC with different bonding layers) 1 

Group III tests investigate the effect of the bonding layer on voltage generation and damping 2 

coefficient. Samples 5, 6, and 7 with three different bonding layers, as described in Table 1, are tested 3 

in this group. The bonding layer for samples 5 and 6 is made of the same material but with different 4 

thicknesses, while the sample 7 bonding layer has the greatest thickness, with an elastic rubber-type 5 

material.  6 

Fig. 22 (a) and (b) respectively show the maximum and RMS voltage outputs for different bonding 7 

layers. The 1200µm Tesa® bonding layer results in 17% lower maximum voltage and 32% lower 8 

RMS voltage than that of the 100µm bonding layer. The RMS voltage variations are thus more 9 

significant than the maximum voltage variations. To further investigate this, the damping coefficients 10 

were calculated in each case. 11 

(a) (b) 

 

Fig. 22. (a) The maximum and (b) the RMS voltage for three different bonding layers (sample 5, 6, 12 

and 7) versus base excitation amplitude. 13 

The identified damping coefficients shown in Fig. 23 indicate that the contact layer substantially 14 

influences damping, while no significant natural frequency variations are observed. The 100µm and 15 

300µm double-sided tape bonding layers have the lowest and the highest damping coefficients, while 16 

the 1300µm rubber-type bonding layer damping between them. Fig. 23 shows that apart from the 17 

bonding layer thickness, the bonding layer damping also depends on the bonding layer material. 18 

Khazaee,  Rezania, and Rosendahl [21] also demonstrated that the bonding layer state could change 19 

the damping coefficient. Therefore, the bonding layer damping is categorized as structural damping 20 

in this study, as it depends on the material dimensions and the material type. Table 3 gives the average 21 

variation of the damping coefficient due to different bonding layers. The bonding layer damping can 22 

vary up to 68% only due to adding two extra 100µm bonding layers, while the rubber-type tape 23 

bonding layer increases the damping by 13%. 24 
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The damping coefficient rise causes the decaying voltage output to decay more rapidly, leaving a 1 

smaller RMS voltage. Therefore, the RMS voltage variations can be attributed to increased damping 2 

coefficient. 3 

 4 

Fig. 23. The bonding layer's effect on the damping for the 100µm, 300µm, and Tesa® tape bonding 5 

layers (samples 5, 6, and 7, respectively). 6 

Table 3. The comparison of the damping for the 100µm, 300µm, and Tesa® tape bonding layers 7 

(samples 5, 6, and 7) 8 

Sample No. Bonding layer ζm (%) Variation 

Sample 5 100µm tape 3.6 - 

Sample 6 300µm tape 6.0 68% 

Sample 7 1200µm Tesa® tape 4.1 13% 

 9 

5. Discussions and application notes 10 

5.1. The contribution of viscous and structural damping 11 

Experimental results show that the air damping varies as the base excitation amplitude increases. 12 

This subsection gives a detailed summary of the contributions for all the tested samples. 13 

Fig. 24 shows the percentage contribution of viscous air damping to the total damping for the first 14 

two bending modes of sample 1 (No-Shim) and the first bending mode of sample 2 (Alu-Shim). The 15 

total damping comprises a structural component and a viscous air damping component. Thus the 16 

percentage contribution of structural damping is 100% minus that of viscous air damping. Overall, 17 

with increasing chirp acceleration amplitude (𝐴𝑐), the beam-tip deflection increases, and the 18 

percentage contribution of air damping increases accordingly. There is a corresponding reduction in 19 
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the percentage contribution of structural damping. Nonetheless, even though the role of structural 1 

damping reduces with greater amplitude excitations, more than 80% of the total damping in the Alu-2 

Shim sample is due to the structural damping. This is because of the bonding layer. By contrast, 3 

approximately 70% of the total damping in the first mode is due to air damping for the No-Shim 4 

sample. In the No-Shim sample, air damping dominates when 𝐴𝑐 𝑔0⁄ > 1.3. This highlights the 5 

necessity of accounting for both structural and air damping, depending on the design of an energy 6 

harvester. 7 

  8 

Fig. 24. Percentage contribution of viscous air damping in sample 1 (No-Shim) and sample 2 (Alu-9 

Shim) versus acceleration excitation amplitudes.  10 

The viscous and structural damping contributions are different for different energy harvesters and 11 

depend on the bonding layer material, bonding layer thickness, and tip deflection. Table 4 presents 12 

the average of viscous and structural damping for all the test samples. Overall, the structural damping 13 

contribution is considerable compared to the viscous air damping, which can be approximately 37% 14 

to 85%, depending on the design. The MFC structural damping effect is much smaller than the 15 

bonding layer damping effect; for instance, there was only 0.3% structural damping for the MFC 16 

itself, compared with 2.8% for the epoxy bonding layer. In a typical energy harvester with a substrate 17 

shim and an epoxy bonding layer, the structural damping can contribute 75% or more of the total 18 

damping. 19 
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Table 4. The contribution of the viscous and structural damping for all the group tests. 1 

Sample 

No. 
Piezoelectric Substrate Contact layer 

Total 

damping 

(%) 

Structural 

damping 

(%) 

Viscous 

damping 

(%) 

Structural 

damping 

contribution 

in the total 

damping (%) 

1 

MFC 

- - 0.81 0.31 0.50 37.9 

2 
120µm 

aluminum 
260µm Epoxy 3.34 2.84 0.50 85.0 

3 100µm brass 300µm Epoxy 2.31 2.10 0.21 91.0 

4 

100µm 

brass+1 Tesa® 

adhesive layer 

300µm Epoxy 4.87 3.79 1.08 77.7 

5 100µm copper 

100µm 3M 

Company 

double-sided 

tape 

3.58 1.22 2.36 34.0 

6 100µm copper 

300µm 3M 

Company 

double-sided 

tape 

6.01 3.65 2.36 60.7 

7 100µm copper 

1200µm Tesa® 

double-sided 

tape 

4.05 1.69 2.36 41.7 

 2 

5.2. The effect of added tip mass on the viscous damping 3 

As was shown in Fig. 18, the added tip mass on samples 1 and 2 increases the effective damping. 4 

The results for samples 3 and 4 in Fig. 21 illustrate that added tip mass again increases the damping. 5 

Table 5 shows that when the piezoelectric harvester is more flexible (sample 1 with no substrate) the 6 

damping increase due to the tip mass is more significant than for the stiffer harvesters with substrate 7 

shim. The increased damping can be attributed to an increase in air damping due to increased vibration 8 

amplitude. Thus, in all the harvesters with a substrate, the damping increases due to the added tip 9 

mass. Consequently, the addition of a tip mass may not necessarily enhance the piezoelectric power 10 

generation performance in shock-type base excitation. 11 

Table 5. The variations of the natural frequency and the damping versus the tip mass. 12 

tip mass (g) 0 4.20 9.20 Variation (%) 

Sample No. 𝜔𝑛 (Hz) 𝜁𝑚 (%) 𝜔𝑛 (Hz) 𝜁𝑚 (%) 𝜔𝑛 (Hz) 𝜁𝑚 (%) 𝜔𝑛 𝜁𝑚 

1 16.20 0.78 8.20 1.59 - - -49.38 103.85 
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2 21.30 3.34 10.80 3.59 - - -49.30 7.49 

3 23.42 2.31 - - 9.84 3.31 -57.97 43.73 

4 23.14 3.79 - - 10.14 6.52 -56.2 72.13 

 1 

 2 

To assist understanding of the resonant behavior of the harvester with an added tip mass, a simple 3 

two-degree of freedom (2DOF) system is considered, which comprises two masses 𝑀1, 𝑀2 , two 4 

springs, 𝑘1, 𝑘2, and one damper, 𝑐1, as shown in Fig. 25 (a). Parameters are chosen for the standard 5 

system (System A) without tip-mass to fit the first and second mode resonant frequencies and the 6 

damping coefficients observed in the No-Shim sample. In System B, an added tip mass is appended 7 

to the free end of the 2DOF system. The damper in System B may be increased by a factor 𝛼  to 8 

represent the observed damping increase due to air damping when a tip mass is added. In Fig. 25 (b), 9 

two bending modes in the beam and their analogs in the 2DOF system are shown. In a 3-1 mode 10 

piezoelectric harvester covered by electrodes on both sides, the generated voltage is proportional to 11 

the integral of normal strain over the length. This, in a bending beam, is proportional to the curvature 12 

integral, which implies that the generated voltage is proportional to the cantilever end rotation 𝜃. 13 

Hence 𝑉 ∝ 𝜃 as indicated in Fig. 25 (b). In the 2DOF analogue, the equivalent measure is the 14 

extension of spring k2, given by 𝑥2 − 𝑥1.    15 

(a) 

 

(b) 

 

M1 M2

x1 x2

k1 k2

c1

x1 x2

M1 M2

k1 k2

c1

q

q

First 
mode

Second 
mode



33 

 

Fig. 25. (a) Representing the harvester transverse-vibration with an analog 2DOF system. (b) The 1 

first two bending modes of the cantilever beam and their analog modes in the 2DOF system. 2 

For a given harmonic base excitation amplitude, 𝑌, the transmissibility function relating the 3 

measured voltage amplitude 𝑉 to 𝑌  is proportional to |
𝑋1

𝑌
−

𝑋2

𝑌
|, where  4 

[
𝑋1/𝑌
𝑋2/𝑌

] = ([
𝑘1 + 𝑘2 −𝑘2

−𝑘2 𝑘2
] − 𝜔2 [

𝑚1 0
0 𝑚2

] + 𝑗𝜔 [
𝑐1 0
0 0

])
−1

([
𝑘1

0
] + 𝑗𝜔 [

𝑐1

0
]) (13) 

Fig. 26 (a) compares |𝑉/𝑌| for the 4.2g added mass with that for no tip mass (System A) for 5 

various degrees of air damping increase, 𝛼.  Note that the second-mode resonance peak value 6 

increases due to added tip mass for all 𝛼. On the other hand, depending to the 𝛼 value, the first-mode 7 

resonant peak value may increase or decrease when tip mass is added. Added tip mass increases the 8 

tip deflection while greater damping reduces the tip deflection. These two opposing effects balance 9 

each-other at a threshold value, 𝛼 = 𝛼thr. If 𝛼 < 𝛼thr the effect of added tip mass increases the 10 

resonant peak, but when 𝛼 > 𝛼thr the added tip mass decreases the resonant peak value. The ratio of 11 

resonant peak values of the system with tip mass to that without tip mass is shown in Fig. 26 (b), as 12 

functions of 𝛼. The ratio of the second-mode peak values is always greater than unity while the first 13 

mode peak value crosses unity when 𝛼~2.  The simple analogue 2DOF system has behavior similar 14 

to the experimental results given in Fig. 17. The experimental results show that the first mode peak 15 

value is not increased after adding tip mass, whereas the second-mode peak values increased by 16 

adding tip mass. It can be concluded that added tip mass, which increases beam tip deflection, also 17 

affects the viscous air damping that should be considered in designing an energy harvester. 18 
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(a) 

 

(b) 

 

Fig. 26. (a) The comparison of |(𝑥2 − 𝑥1)/𝑌| between no tip mass and with tip mass (system B) 1 

with different damping constants and (b) ratios of peak values of the System B to the System A 2 

against 𝛼 = 𝑐′1/𝑐1 ratio. 3 

 4 

5.3. The role of the bonding layer 5 

The bonding layer in the piezoelectric energy harvesters is a thin layer that joins the piezoelectric 6 

and supporting structure. In modeling, the bonding layer is often neglected due to its low thickness. 7 

Experimental results in group II and III tests showed that the bonding layer has a small effect on the 8 

natural frequency, and therefore, from a stiffness perspective, it seems logical to neglect the bonding 9 

layer. However, the experimental tests illustrate the substantial damping and power output variations 10 

due to different bonding layers. Thus, the bonding layer can affect the piezoelectric power generation 11 

performance because of the damping change. From an energy-harvesting perspective, the less the 12 
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damping, the higher the power output is. Thus, knowing the bonding layer's damping effect can lead 1 

to higher efficient energy harvesters which minimizing structural energy loss.  2 

The measured structural damping coefficients for four different bonding layers are shown in Fig. 3 

27, namely 3M Company double-sided tape, Tesa® double-sided tape, Epoxy 3430, and Epoxy rapid 4 

332. Two of these bonding layers are the double-sided tapes, and two others are the cured epoxy 5 

bonding layers. The Tesa® double-sided layer is rubber-based and more elastic than the 3M Company 6 

double-sided tape. Results show that the rubber-type double-sided tape has a more significant 7 

damping effect than the 100µm-thickness 3M Company double-sided tape. Besides, overall, the 8 

double-sided tapes have less damping effect than the epoxy bonding layers. 9 

Crandall [48] suggested that the structural damping can be due to the transverse heat flow from 10 

the regions under compression to the tensile regions and the acoustic radiation from the vibrating 11 

beam. Therefore, if a bonding layer has a greater capacity to emit acoustic radiations or creates greater 12 

heat flow, the structural damping may be expected to be higher. The experiments also suggest that 13 

that thicker bonding layers provide greater capacity to absorb mechanical energy. Thus, the relatively 14 

thick epoxy bonding layers have the highest damping coefficient, while the thin 3M double-sided 15 

tape has the lowest damping. 16 

 17 

Fig. 27. The structural damping for the different bonding layers (3M Company double-sided tape, 18 

Tesa® double-sided tape, Epoxy 3430, and Epoxy rapid 332). 19 

5.4. The application notes for the design of piezoelectric harvesters 20 

There is a wide range of vibration sources for the VEH, with different vibration levels and vibration 21 

types. The vibration sources for energy harvesting can be continuous, ranging from 0.1g to 2g, or 22 
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shock-induced, typically >1g. Usually, the shock-induced and impact-based sources have greater 1 

peak amplitudes, as their acting time is small, in the order of milliseconds. This study's shock-induced 2 

vibrations range from 0.5g0 to 3.5g0, a low-to-medium range of accelerations. As in the shock-induced 3 

vibrations, the structure vibrates with its fundamental natural frequency; this shock-based beam 4 

vibration can be analogous to the resonant excitations; however, the continuous-type acceleration 5 

counterpart would be different, depending on the harvester quality factor [50]. This continuous-type 6 

acceleration range would be approximately 0.03g0 to 0.3g0 at the resonant frequency, which lies 7 

within industrial applications such as a water pump [51]. Therefore, the presented experimental 8 

results can be beneficial for a low-to-medium range of accelerations in shock-induced and continuous 9 

vibration sources. 10 

Table 6. Different continuous and shock-induced vibration sources with potential applications for 11 

piezoelectric energy harvesting. 12 

Vibration source Vibration type Peak amplitude (m/s2) [g0] Reference 

Car engine compartment Continous 12 [1.22g0] [12] 

Blender casing Continous 6.4 [0.65g0] [12] 

Clothes dryer Continous 3.5 [0.36g0] [12] 

Microwave oven top Continous 1.11 [0.11g0] [45] 

Microwave oven side Continous 4.21 [0.43g0] [45] 

Water pump Continous 
8.11 [0.83g0] 

(0.49 m/s2 for 50Hz harmonic) 
[51] 

Sheep heart Shock induced Peak-to-peak: 17.7 [1.8 g0] [50] 

Car tire Shock induced Peak-to-peak: 1570 [160 g0] [52] 

 13 

A typical PEH contains two piezoelectric layers attached to a substrate [49] known as bimorph as 14 

it generates higher power output in almost the same volume as a one layer piezoelectric beam. In 15 

these typical PEHs, bonding layers are an essential part of the structure. Since the piezoelectric 16 

harvester is undergoing dynamic motion for energy harvesting applications, two damping energy 17 

dissipation sets occur. The kinetic motion of the structure creates air friction, and the material internal 18 

friction creates structural damping. The combined viscous and structural damping model presented 19 

here can benefit the study of all types of piezoelectric beams. The results suggest a structural damping 20 

contribution of about 40% in the 100µm bonding layer and 60% in the 300µm bonding layer. 21 

The average power generation is also vital in shock-induced energy harvesters. As the average 22 

generated power is adversely affected by the damping, the damping should be minimized. Therefore, 23 
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the harvester configuration should be designed for power maximization. The results suggest that the 1 

bonding layer should have a low thickness. In addition, the results highlight the importance of 2 

additional viscous damping, indirectly due to the tip mass, which can adversely affect the energy 3 

conversion efficiency. If the additional damping due to the tip mass is less than about 40% of the 4 

original damping, then the tip mass can positively affect the power generation. 5 

 6 

6. Concluding remarks 7 

In this paper, modal parameters are extracted using the Short-Term Fourier Transform and 8 

Resampling method for piezoelectric energy harvesters with clamped-free boundary conditions.  The 9 

emphasis is on the extraction of damping coefficients, using only the voltage response of the harvester 10 

to a shock base-excitation. The contributions of structural damping and viscous damping to the total 11 

damping are identified. This enables the damping effects of a bonding layer and shim to be 12 

interpreted, as well as providing an interpretation of the indirect effects of tip mass on damping.  The 13 

method further enables the modal parameters to be separately extracted for each mode of vibration. 14 

Overall, the Short-Term Fourier Transform and Resampling method provides a promising route for 15 

assessing modal parameters, especially damping, in energy harvesters. The results demonstrate the 16 

prominent effect of a bonding layer on the structural damping but also indicate the need to include 17 

the more subtle effects of air damping when designing energy harvesters. Investigating different 18 

bonding layers shows that the bonding layer material and thickness significantly affect the structural 19 

damping. An important aspect is that the viscous air damping is not constant with respect to input 20 

excitation acceleration, becoming more influential at higher excitation (and hence higher power) 21 

levels. Adding tip mass also increases the viscous damping effect due to increasing the tip deflections. 22 

For energy harvesting applications, the voltage peak and root mean square will reduce in shock-23 

induced excitations when the damping increases; therefore, the piezoelectric harvester performance 24 

will be reduced. The results provide essential guidance for energy harvester design. 25 
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