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 This research paper is a continuation of a prior study [12] that focused 

on the positive temperature range. The current work investigates the 

behavior of a laminated Macro Fiber Composite (MFC) piezoelectric 

transducer when exposed to negative temperatures. The study aims to 

understand the sensitivity of the transducer under varying ambient 

temperatures and frequencies, particularly for applications in wireless 

sensor networks. The integrated Macro Fiber Composite piezoelectric 

transducer is both theoretically modeled and empirically verified. 

Experimental tests involve subjecting the laminated MFC piezoelectric 

transducer to sinusoidal forces generated by an electro-pulse waveform 

generator, while a thermal chamber is used for temperature control. 

Controlled displacement is applied to the transducer at low-frequency (5 

to 25 Hz) ranges and different moderate temperatures (0 to -40 degrees 

Celsius). The results highlight the significant influence of temperature 

and excitation frequency on the generated voltage by the MFC 

transducer. 
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1. Introduction 

Smart composite materials, due to their potential for use as 

alternative energy sources and in autonomous wireless sensor 

systems, are becoming increasingly popular. The rising 

adoption of composite materials across various industrial 

sectors is driven by their versatile applications and potential 

benefits [2–6]. One such material is Macro Fiber Composite 

(MFC), which combines the advantageous properties of fiber 

and piezoelectric materials. MFC piezoelectric transducers have 

shown promise in harnessing vibrational energy for power 

generation, making them suitable for various applications, 

including wireless sensor networks [1, 14, 16, 34]. This paper 

serves as a continuation of a previous study [12] that 

investigated the power generation capabilities of MFC 

piezoelectric transducers integrated with epoxy glass fiber 

composites in the positive temperature range. Building upon 

those findings, the present work aims to further explore the 

integration process and assess the power generation capacity of 

the transducers under varying ambient conditions. 

Composite structures are increasingly popular in modern 

technical terms due to several advantages, notably high strength 
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at low weight. The use of this type of material creates new 

opportunities for engineers but poses a significant challenge due 

to the complex modeling processes required to ensure the proper 

operating parameters of the system, its durability, and reliability, 

with particular emphasis on structural fatigue caused by 

operational loads [17, 38]. Modern research methods allow the 

analysis and design of composite structures, considering these 

issues, among others, thanks to the use of machine learning 

tools and artificial intelligence [27, 28]. 

In the paper [40], we present and evaluate an energy 

harvesting device prototype with MFC patches on a cantilever 

beam to improve energy harvesting efficiency. We 

systematically investigate the impact of MFC electrical 

properties, cantilever beam configurations, and MFC geometric 

variations using FEA and EDA simulations. Piezoelectric 

materials possess a unique property: they generate electric 

charges when subjected to mechanical stresses and vice versa. 

This characteristic makes them ideal for designing transducers 

capable of converting electrical input signals into deformation 

and vice versa. It was demonstrated that the behavior of 

piezoelectric elements under different geometric configurations 

significantly influences their performance. Detailed discussions 

on the findings from the study on diverse geometric properties 

of piezoelectric transducers can be found in reference [10]. 

Optimizing the transducer's geometry has the potential to 

enhance energy harvesting, improve sensor performance, and 

enable precise actuation in micro-electromechanical systems 

(MEMS). 

References [9–12] highlight the crucial role of piezoelectric 

transducers in structural health monitoring (SHM) by providing 

an efficient means of detecting and assessing structural integrity. 

These transducers, capable of converting mechanical strain into 

electrical signals and vice versa, offer exceptional sensitivity, 

compact size, and a wide frequency response. Their integration 

into SHM systems facilitates real-time monitoring, early 

detection of damage, and accurate evaluation of various 

structures, ranging from civil infrastructure to aerospace 

components. 

Piezoelectric transducers have been extensively researched 

and utilized in Structural Health Monitoring (SHM), yet their 

potential for energy harvesting applications has garnered 

increasing interest. These transducers possess unique properties 

that render them highly suitable for energy harvesting, 

extending beyond their traditional use in SHM. Capable of 

generating electric charges in response to mechanical stress or 

strain, piezoelectric transducers effectively convert various 

mechanical vibrations and deformations into electrical energy 

[44]. This distinct capability allows them to be employed across 

diverse energy harvesting scenarios, tapping into sources like 

human motion [14–16], environmental vibrations, and natural 

forces such as wind or ocean waves [17–19]. By harnessing 

ambient mechanical energy, piezoelectric transducers offer 

decentralized power generation opportunities, effectively 

capturing energy from otherwise wasted or underutilized 

sources. 

These versatile transducers find integration in various 

applications and systems, including wireless sensor networks 

[20–23], wearable devices [24], self-powered electronics, and 

remote monitoring systems [7, 11, 15], among others. 

Furthermore, their adaptability to different environments and 

scalability enables deployment across a spectrum of settings, 

spanning from small-scale personal devices to extensive 

infrastructure. While the field of piezoelectric energy harvesting 

continues to evolve rapidly, substantial advancements have 

been achieved in transducer design, optimization, and power 

management techniques. Researchers have explored innovative 

approaches to enhance energy conversion efficiency, maximize 

power output, and improve overall performance of piezoelectric 

transducers in energy harvesting applications. Additionally, the 

integration of piezoelectric transducers with other renewable 

energy technologies and hybrid energy harvesting systems has 

shown promising results in maximizing energy generation and 

storage capabilities [27–29]. 

Piezoelectric transducers have demonstrated versatility 

across a wide spectrum of applications, encompassing structural 

health monitoring, energy generation, and sensing. However, 

their performance can be significantly affected by 

environmental factors, particularly temperature variations [1, 30, 

31]. Understanding the impact of temperature on piezoelectric 

transducers is crucial, particularly in scenarios involving 

extreme temperatures. These transducers often encounter  

a broad temperature range in real-world applications, spanning 

from -40 degrees Celsius to 60 degrees Celsius or even higher. 

This range encompasses various conditions, from aircraft and 
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automotive systems to industrial settings, demanding reliable 

operation from piezoelectric transducers. Investigating their 

behavior across this temperature spectrum becomes imperative 

to enhance their performance and ensure their effective 

integration into diverse applications. The influence of 

temperature on piezoelectric transducers is intricate. 

Temperature fluctuations significantly alter the electrical 

properties of piezoelectric materials, including the piezoelectric 

coefficient, dielectric constant, and electrical conductivity. 

These changes directly impact the transducer's sensitivity, 

output voltage, and signal quality [5, 25, 33]. Moreover, 

temperature variations can affect the transducer's mechanical 

properties, such as stiffness, resonant frequency, and damping 

characteristics. Such fluctuations might impede the transducer's 

ability to efficiently convert mechanical vibrations into 

electrical energy or accurately detect and transmit mechanical 

signals. 

This research delves into a comprehensive examination of 

the impact of temperature on piezoelectric transducers across  

a range from -40 to 60 degrees Celsius. By reviewing existing 

research, advancements, and challenges in this area, our goal is 

to contribute to understanding temperature-related issues and 

develop strategies to optimize piezoelectric transducer 

performance in extreme temperature environments. This 

understanding is vital for successful integration into 

applications where reliable operation in diverse temperature 

conditions is essential. The study aims to assess the power 

generation and sensitivity of transducers across various 

temperatures and frequencies, aiming to harness ambient 

vibrational energy for low-energy-consuming electronic 

systems and wireless sensor networks. Conducted in  

a controlled laboratory environment using a thermal chamber 

and electro-pulse waveform generator, our experimental setup 

applied a sinusoidal load to the integrated MFC transducer, 

inducing controlled displacements at low frequencies. 

The results demonstrated a substantial influence of both 

excitation frequency and temperature changes on the voltage 

generated by the MFC transducer. Understanding these effects 

is critical for optimizing power generation capabilities and 

designing efficient ambient energy harvesting systems. 

Ultimately, this research advances the development of 

integrated MFC piezoelectric transducers for ambient energy 

harvesting in wireless sensor networks. By exploring their 

capabilities under varying ambient conditions, this study opens 

avenues for sustainable power generation and lays the 

groundwork for energy-efficient wireless sensor networks. 

2. Materials and methods: 

The paper [12] provides a comprehensive explanation of the 

mathematical model used to analyze the impact of temperature 

and low frequency on a MFC piezoelectric transducer. The 

model assumes that the composite structure undergoes minimal 

deformations and exhibits linear material behavior. To simulate 

the transverse vibration force occurring in the laminated 

piezoelectric beam, an Instron Electro Pulse waveform 

generator was employed, applying the force at the center of the 

beam over both time and space. The dynamic behavior of the 

system is governed by a partial differential equation, which can 

be expressed as follows: 

The transverse displacement is represented by u , the mass 

density of the beam is represented by 𝜌, the cross-sectional area 

of the composite beam is represented by 𝐴, 𝛿 is the Dirac delta 

function, which describes the dynamic load 𝐹𝑜(𝑡) applied to the 

beam at the middle of the span and M  is the internal bending 

moment. The presence of Equation (1) poses a challenge in 

finding an analytical solution due to its nature as a partial 

differential equation. Finding an explicit solution to this 

equation proves to be a complex task. However, in this case, an 

effective strategy to overcome this challenge is employed by 

employing the separation approach, also known as 

superposition. Given the inherent difficulty in directly solving 

Equation (1) analytically, the separation approach (equation (2)) 

provides a practical and viable method to tackle the problem at 

hand. By employing this technique, the equation is split into 

separate parts or components, each representing a distinct aspect 

of the problem. These components are then solved individually, 

considering the specific conditions and constraints of the system: 

The function 𝜑𝑘(𝑥)  plays a crucial role in the equation 

under consideration, representing the eigenfunction associated 

with the 𝑘 − 𝑡ℎ vibration mode. The eigenfunction of a system 

defines its natural frequency and depicts the specific shape and 

𝐸𝐼(𝑥)
𝜕4𝑢

𝜕𝑥4
(𝑥, 𝑡) + (𝜌𝐴)

𝜕2𝑢

𝜕𝑡2
(𝑥, 𝑡) = 𝛿 (𝑥 −

𝑙

2
) 𝐹𝑜(𝑡).  (1) 

𝑢(𝑥, 𝑡) = ∑ 𝜑𝑘(𝑥)𝜂𝑘(𝑡)

∞

𝑚=1

. (2) 
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behavior of the mode. Analytical methods, like solving the 

homogenous solution of the laminated MFC piezoelectric 

transducer vibration, can be used to determine  𝜑𝑘(𝑥)  and 

understand the distinct characteristics of each vibration mode. 

Alongside the spatial aspect represented by 𝜑𝑘(𝑥)  the modal 

mechanical response 𝜂𝑘(𝑡)  describes how the 𝑘 − 𝑡ℎ  mode 

changes over time, considering factors like damping and 

external influences. Understanding 𝜂𝑘(𝑡) allows us to observe 

how the vibration modes of the system respond to various 

stimuli. Together, 𝜂𝑘(𝑡)  and 𝜑𝑘(𝑥)  provide a comprehensive 

representation of the 𝑘 − 𝑡ℎ  vibration mode. By combining 

these components, ones can analyze and predict the behavior of 

the mode in response to various conditions and input signals. It 

is worth noting that obtaining the analytical solution for 𝜑𝑘(𝑥) 

and 𝜂𝑘(𝑡) can be a demanding task, often requiring advanced 

mathematical techniques. However, once determined, these 

solutions offer valuable insights into the system's dynamics and  

allow for a deeper understanding of the behavior exhibited 

by each vibration mode:  

where: 𝛽𝑘
2 = 𝜔√

𝜌𝐴

𝐸𝐼
. 

The spatial component of the solution is expressed by 

Equation (3), providing the general solution for 𝜑𝑘(𝑥) . The 

constants A, B, C, D are of utmost importance in defining the 

shape and features of the spatial component. To find the values 

of these integration constants, boundary conditions must be 

considered. For a simply supported beam, specific conditions 

are applied at the support ends, which influence the behavior 

and shape of the mode shape functions, leading to a more 

precise solution. The general solution provided by Equation (3) 

allows for the customization of the spatial component, 

providing a versatile framework to capture the behavior and 

characteristics of the system under investigation. The boundary 

conditions at the ends of support implies the following 

conditions on mode shape functions: 

𝜑(0) = 𝜑(𝑙) = 0, 

𝑑3𝜑(0)

𝑑𝑥3
=

𝑑3𝜑(𝑙)

𝑑𝑥3
= 0. 

(4) 

The coefficient of modal function is given by:  

𝐷 − 𝐵 = 0, 𝐶 − 𝐴 = 0, 

−𝐴𝛽2 𝑠𝑖𝑛 𝛽𝑙 − 𝐵𝛽2 𝑐𝑜𝑠 𝛽 𝑙 + 𝐶𝛽2 𝑠𝑖𝑛ℎ 𝛽 𝑙

+ 𝐷𝛽2 𝑐𝑜𝑠ℎ 𝛽 𝑙 = 0, 

                                                 

(5) 

−𝐴𝛽3 𝑐𝑜𝑠 𝛽 𝑙 + 𝐵𝛽3 𝑠𝑖𝑛 𝛽 𝑙 + 𝐶𝛽3 𝑐𝑜𝑠ℎ 𝛽 𝑙 +

𝐷𝛽3 𝑠𝑖𝑛ℎ 𝛽 𝑙 = 0. 

 

Equation (5), can be arranged in matrix form: 

[
𝑠𝑖𝑛ℎ 𝛽 𝑙 − 𝑠𝑖𝑛 𝛽 𝑙 𝑐𝑜𝑠ℎ 𝛽 𝑙 − 𝑐𝑜𝑠 𝛽 𝑙
𝑐𝑜𝑠ℎ 𝛽 𝑙 − 𝑐𝑜𝑠 𝛽 𝑙 𝑠𝑖𝑛 𝛽 𝑙 + 𝑠𝑖𝑛ℎ 𝛽 𝑙

] [
𝐴
𝐵

] = [
0
0

]. 
(6) 

For a non-trivial solution, the determinant of the matrix must 

vanish to get: 

𝑐𝑜𝑠ℎ(𝛽𝑘 𝑙) 𝑐𝑜𝑠(𝛽𝑘 𝑙) = 1. (7) 

This nonlinear equation can be solved numerically. The first 

four roots are 𝛽1𝑙 = 1.505𝜋, 𝛽2𝑙 = 2.49975𝜋, 𝛽3𝑙 = 3.5𝜋 , 

𝛽4𝑙 = 4.5𝜋. 

The boundary conditions can also be used to determine the 

mode shapes from the solution for displacement: 

𝜑(𝑥) = [sinh ( 𝛽𝑘 𝑥) + sin(𝛽𝑘 𝑥)] +
sin ( 𝛽𝑘𝑥)−sinh(𝛽𝑘𝑥)

cosh ( 𝛽𝑘𝑥)−cos(𝛽𝑘𝑥)
[𝑐𝑜𝑠ℎ(𝛽𝑘 𝑥) + 𝑐𝑜𝑠(𝛽𝑘 𝑥)]. 

 

(8) 

The dynamic equation of motion for the laminated structure 

is given by: 

The subsequent component of the solution pertains to the 

modal mechanical response, as elucidated in Equation (9). This 

response characterizes the behavior and dynamics of the system 

in terms of the individual vibration modes. This equation 

encapsulates the time-dependent properties of the modal 

mechanical response. Within this equation the second derivative 

of 𝜂𝑘(𝑡) with respect to time, capturing the acceleration or rate 

of change of the modal response. The term 2𝜉𝜔𝑘
𝑑𝜂𝑘(𝑡)

𝑑𝑡
 accounts 

for the damping effects and describes the rate of energy 

dissipation in the system. Additionally, 𝜔𝑘
2𝜂𝑘(𝑡) corresponds to 

the square of the natural frequency of the 𝑘 − 𝑡ℎ  mode 

multiplied by the modal response, signifying the inherent 

stiffness of the system. Finally, 𝑓𝑘(𝑡)  denotes the excitation or 

external force acting on the 𝑘 − 𝑡ℎ mode. 

To compute the normal strain, it is necessary to begin by 

examining the fundamental definition of normal strain. 

According to this definition, the normal strain can be quantified 

as:  

Expressed by Equation (10), the strain, denoted as 𝑆(𝑥, 𝑦, 𝑡), 

can be calculated based on the longitudinal elongation. This 

equation involves the spatial coordinates (𝑥 𝑎𝑛𝑑 𝑦)  and the 

temporal variable (𝑡). The term 𝑦 represents the distance from 

𝑑2𝜂𝑘(𝑡)

𝑑𝑡2
+ 2𝜉𝜔𝑘

𝑑𝜂𝑘(𝑡)

𝑑𝑡
+ 𝜔𝑘

2𝜂𝑘(𝑡) = 𝑓𝑘(𝑡). (9) 

𝜑(𝑥) = 𝐴 𝑠𝑖𝑛 𝛽 𝑥 + 𝐵 𝑐𝑜𝑠 𝛽 𝑥 + 𝐶 𝑠𝑖𝑛ℎ 𝛽 𝑥 +

𝐷 𝑐𝑜𝑠ℎ 𝛽 𝑥,  
(3) 

𝑆(𝑥, 𝑦, 𝑡) = −𝑦𝑘 = −𝑦
𝜕2𝑢(𝑥,𝑡)

𝜕𝑥2 . (10) 
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the neutral fiber, and the  
𝜕2𝑢(𝑥,𝑡)

𝜕𝑥2    corresponds to the second 

derivative of the displacement function, denoted as 𝑢  with 

respect to the spatial coordinate 𝑥. By evaluating Equation (10), 

one can determine the normal strain at a specific point in the 

fiber, taking into account the displacement and its spatial 

derivatives. The negative sign indicates that the strain is 

measured as a contraction or compression relative to the initial 

length of the fiber. This equation serves as a fundamental tool 

in understanding the mechanical behavior of materials and 

structures, particularly in scenarios involving elongation and 

contraction. 

The degree of strain experienced by a beam is influenced by 

both temperature and applied stress. This is why the strain can 

be expressed as a function of temperature and stress: 

Equation (11) establishes that strain, denoted as S, is a 

function of stress (𝜎)  and temperature (𝑇) , captured by the 

function 𝑓(𝜎, 𝑇).  In Equation (12), the differential form of 

strain, denoted as 𝑑𝑆, can be expressed as the sum of two terms. 

The first term, (
𝜕𝑆

𝑑𝜎
)

𝑇
, represents the partial derivative of strain 

with respect to stress, considering temperature as a constant. 

The second term, (
𝜕𝑆

𝜕𝑇
)

𝜎
, denotes the partial derivative of strain 

with respect to temperature, assuming stress remains constant. 

This equation allows for the assessment of how strain changes 

with variations in stress and temperature: 

To determine the direct strain experienced by the beam, 

Equation (13) is employed, assuming uniform temperature and 

linear thermal expansion (𝛼).  This equation reveals that the 

differential strain, is the sum of two terms. The first term 

represents the contribution of stress to the strain, taking into 

account the material's Young's modulus (𝐸). The second term 

incorporates the effect of temperature change (𝑑𝑇) multiplied 

by the length of the beam (𝑙) and the linear thermal expansion 

coefficient (𝛼).  These equations offer valuable tools to 

investigate and quantify the relationship between strain, stress, 

and temperature in the context of beams.  

3. Electromechanical modelling 

Electromechanical modeling is essential for comprehending the 

characteristics of piezoelectric materials. Direct piezoelectric 

effect means the generation of electric charges in certain 

substances under mechanical load, whereas the inverse 

piezoelectric effect involves the material's deformation in 

response to an externally applied electric field. To explain these 

phenomena, a set of constitutive equations is commonly used. 

In the context of a piezoelectric transducer, the total strain 

experienced can be separated into two components: the 

mechanical strain resulting from mechanical stress and the 

actuation strain induced by the applied electric voltage. The 

strain-charge relationships are represented by Equations (14) 

and (15): 

Equation (14) relates the vector of electric displacement, 

denoted as 𝐷𝑚, to the stress vector (𝜎𝑖), through the matrix of 

piezoelectric coupling coefficients ( 𝑑𝑚𝑖  ) and the vector of 

electric field (𝜓𝑘) through the vector of electric permittivity at 

constant stress (𝜀𝑖𝑘
𝜎 ) . This equation encapsulates the interplay 

between mechanical force and the electric field-induced in the 

transducer. 

Similarly, Equation (15) describes the relationship between 

the strain vector, 𝑆𝑖, the electric field vector, 𝜓,  and the stress 

vector. The compliance tensor coefficients , 𝑠𝑖𝑗 ,  and the 

piezoelectric coupling coefficients, 𝑑𝑚𝑖 ,  are the main 

piezoelectric properties used to map the strain vector to stress 

as well as the electric field to the strain, respectively. The 

indices 𝑚, 𝑘, 𝑖, 𝑎𝑛𝑑 𝑗  signifies their respective directions. 

Linear electrical circuit analysis allows us to derive the equation 

for the piezoelectric transducer with an attached resistor. The 

piezo component is considered as an electric charge source, and 

its electrical capacity is determined accordingly. The detailed 

derivation of Equation 16 can be found in our previous work 

[12,26]. 

where: 

𝑆 = 𝑓(𝜎, 𝑇), (11) 

𝑑𝑆 = (
𝜕𝑆

𝑑𝜎
)

𝑇
𝑑𝜎 + (

𝜕𝑆

𝜕𝑇
)

𝜎
𝑑𝑇. (12) 

𝑑𝑆 =
𝑑𝜎

𝐸
+ 𝛼𝑑𝑇𝑙. (13) 

𝐷𝑚 = 𝜀𝑖𝑘
𝜎 𝜓𝑘 + 𝑑𝑚𝑖𝜎𝑖 , (14) 

𝑆𝑖 = 𝑠𝑖𝑗
𝜓

𝜎𝑗 + 𝑑𝑚𝑖𝜓𝑚. (15) 

𝑉𝑝(𝑡)

=

𝛾𝑙𝑝𝑏𝑝𝑑31

𝐶𝑝𝑠11
𝐸 𝑅𝑧

𝛾𝑙𝑝𝑏𝑝𝜀33
𝜎

𝐶𝑝𝑡𝑝
(1 − 𝑘31

2 )𝑅𝑧 + (1 −
𝛾𝑙𝑝𝑏𝑝𝜀33

𝜎

𝐶𝑝𝑡𝑝
(1 − 𝑘31

2 )) √𝑅𝑧
2 + (

1
𝜔𝐶𝑝

)
2

𝑆(𝑡), (16) 

𝑘31
2 =

𝑑31
2

𝑠11
𝐸 𝜀33

𝜎 . (17) 
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where: 

𝑉𝑎 - the root mean square of the voltage generated by the 

transducer.  

The equation (16) provides an expression for the voltage 

signal 𝑉𝑝(𝑡)  generated by the transducer, considering various 

parameters and constants. In this equation, 𝛾  represents the 

percentage of surface area of the electrodes in the transducer. It 

is determined by multiplying the active area of the piezo 

element by the volume fraction of copper fibers. The quantities 

𝑙𝑏 , 𝑏𝑝, 𝑎𝑛𝑑 𝑡𝑝 denote length, width, and thickness of an active 

part of the transducer. 𝑑31  representing the piezoelectric 

coefficient, 𝑠11
𝐸   denoting the compliance property of the 

transducer, 𝐶𝑝 indicating the capacitance of the transducer, 𝑅𝑧 

representing the resistance connected to the transducer 

externally and, 𝜀33
𝜎  - signifying the electric permittivity. By 

employing equations 14 through 15, one can obtain valuable 

insights into the voltage signal, power, and their relationship 

within the transducer system. These equations consider various 

parameters and characteristics of the transducer, allowing for  

a comprehensive analysis of its electrical behavior and 

performance. MFC (Macro Fiber Composite) transducers are 

pre-manufactured transducers with a form flexible, thin films.  

This work specifically focuses on studying the behavior of 

the laminated MFC piezoelectric transducer under negative 

temperatures. To achieve this, an advanced testing machine like 

the Instron Electropuls E10000 was used to apply carefully 

controlled sinusoidal forces at the specified frequency. 

Equipped with a thermal chamber capable of operating across 

an extensive temperature range from -100 to 350 degrees 

Celsius, this machine ensured precise temperature control 

during experiments. To ensure accuracy and reliability,  

a thoroughly prepared composite plate consisting of three MFC 

(Macro Fiber Composite) elements securely bonded together 

was utilized for a three-point bending test. The test involved 

applying a sinusoidal force to the plate, varying its frequency 

from 5 to 25 Hz in 5 Hz increments. 

Throughout the testing procedure, great care was taken to 

maintain consistent conditions. A constant preset deflection 

arrow and constant temperature were maintained, minimizing 

the impact of parameter fluctuations on the results. To manage 

and monitor the experiment, a specialized control procedure 

was developed using the Instron WaveMatrix system. This 

system precisely regulated the test parameters, ensuring well-

defined experimental conditions and enabling accurate data 

collection. 

Moreover, the voltage signals generated by the MFC 

elements during testing were continuously recorded using  

a National Instruments recorder, specifically the NI9215 model. 

These signals underwent real-time monitoring and analysis 

through the LabView system, configured with a specialized 

recording procedure. Employing this comprehensive 

experimental setup and data acquisition approach aims to offer 

valuable insights into the performance of the laminated MFC 

piezoelectric transducer under negative temperatures, thereby 

contributing to the understanding and development of 

piezoelectric materials for diverse applications. 

As depicted in Figure 1, the test setup involved subjecting 

Integrated MFC piezoelectric transducers to negative 

temperatures using a thermal chamber while applying 

controlled sinusoidal force through an electro-pulse wave 

generator. The test procedure was as follows: the temperature 

was increased by ten degrees Celsius in each stage before 

commencing the temperature stabilization step. Following  

a period of temperature stabilization (ts = 10 min), the tested 

piezoelectric transducer underwent concentric sinusoidal 

loading under displacement control for five different 

frequencies. For every two minutes of stabilization time, the 

frequency was incremented by 5 Hz. The process initiated at 

0°C and progressed through the temperatures detailed in Table1 

Table 1. The frequency and temperature ranges to which 

laminated MFC piezoelectric transducers are subjected. 

Frequencies to which the system 

was subjected (Hz) 
5 10 15 20 25 

Temperatures to which the system 

was exposed (°C) 
0 -10 -20 -30 -40 

 

 

 

 

 

 

 

𝑃 =
𝑉𝑎2

𝑅𝑧
. (18) 
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Fig. 1. The test set-up with thermal chamber and excitation system.

The transducers consisted of multiple layers of piezoceramic 

material and electrodes, laminated together to form a cohesive 

structure. The thermal chamber controlled and varied the 

temperature conditions during the experiments, enabling an 

analysis of the transducer's performance under diverse thermal 

conditions. Simultaneously, the electro-pulse wave generator 

applied cyclic concentric loads, inducing varying levels of stress 

and strain on the transducers. 

The test specimen comprised three MFC piezoelectric 

transducers (M8514P2 type) integrated within a composite 

panel. This panel was constructed from a glass fabric with  

a twill weave, weighing 600 g/m2. A separate paper [12] offers 

an in-depth description of the system's construction procedure, 

along with the material properties. This devised solution 

represents an intelligent structure capable of generating 

electricity from mechanical vibrations and controlling its 

dynamic parameters using the laminated piezoelectric 

transducers. 

Figure 2 provides a visual representation of a laminated 

MFC test sample, serving as a visual reference for the 

experimental setup employed in the research. The investigation 

of the piezoelectric transducer's capacitance involved specific 

methods and materials. The tested MFC transducer’s material 

properties and geometrical parameters are presented in Table 2.

 
a)            b) 
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c) 

Fig. 2. The MFC (Macro Fiber Composite) piezoelectric transducers are arranged as three parallel samples (a), positioned between 

epoxy glass fiber composites and (b) an illustrative depiction of the electrical circuit of the piezoelectric transducer, which 

encompasses an externally attached resistor. The laminated specimen developed for this test (c), in which a concentric cyclic load is 

supplied using electro-pulse wave generator.

The transducer's terminals were connected to an external 

resistor placed outside the thermal chamber. To measure the 

electrical voltage drop across the resistor, a National 

Instruments measuring card, specifically the NI9215 model 

capable of monitoring voltage in the range of -10 V to +10 V, 

was employed. This measuring card was efficiently integrated 

into the cDAQ-9191 CompactDAQ Chassis and connected to  

a computer for data collection. The LabVIEW software 

facilitated the recording and storage of measurement outcomes. 

For the testing process, five hundred measurement cycles 

were designated. To ensure synchronization between data 

acquisition and the excitation of the test samples, a voltage 

trigger, produced by the analog output of the Instron controller, 

was utilized. 

Table 2. The tested MFC transducer material properties and 

geometrical parameters [43] 

No. Description Notation (Units) Value 

1 
Copper fiber volume 

fraction 
𝛾 (dimensionless) 0.19 

2 Capacity 𝐶𝑝(𝑛𝐹) 84.04 

3 PZT fiber thickness 𝑡𝑝(𝜇𝑚) 127 

4 Active length of MFC 𝑙𝑝(𝑚𝑚) 85 

5 Active width of MFC 𝑏𝑝(𝑚𝑚) 14 

6 Dielectric constant 𝜀33
𝜎 [

𝐹

𝑚
] 

1.504e-

08 

7 Elastic compliance constant 𝑠11
𝐸 [

𝑚2

𝑁
] 

16.4e-

12 

8 Piezoelectric constant 𝑑31 [
𝑝𝐶

𝑁
] -2.1e+2 

4. Result and discussion: 

The study delves into the impact of negative temperature 

variations and frequency changes on the sensitivity of an MFC 

piezoelectric transducer. It scrutinizes the transducer's 

performance under diverse environmental temperatures and 

frequencies mirroring real-life surroundings, contributing to the 

evolution of alternative energy resources. Piezoelectric fiber 

composites emerge as promising materials for enhancing 

structural performance across wide temperature ranges. 

Temperature significantly influences thermoelastic behavior, 

profoundly affecting the MFC transducer's electric field 

properties and the laminated system's strain and extension. Both 

temperature fluctuations and specific frequency-induced loads 

influence the system's strain. Figure 3 portrays the relationship 

between transducer strain (displacement) and voltage. The plot 

indicates a consistent, proportional response, showcasing the 

transducer's linear conversion capability—from mechanical 

strain to electrical voltage, as discerned in the analytical study. 

It is intriguing that temperature variations consistently 

induced strain in the MFC transducer, regardless of the 

frequency parameters. This implies that fluctuations in 

temperature alone can significantly impact the transducer's 

strain. Remarkably, substantial displacement or deformation 

amplified the generation of electric fields (refer to figure 3). 
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Fig. 3. Theoretical correlation between voltage and transducer 

displacement, based on equations (14 and 15).  

Equation 16 facilitated the calculation of voltage drop across 

the external resistance linked to the transducer. In this paper's 

mathematical model, temperature and frequency stand as 

independent variables, central to the authors' investigation. 

Thus, this model proves more valuable and practical compared 

to previous studies in the field. This research greatly contributes 

to understanding the sensitivity of MFC transducers, 

particularly concerning temperature and frequency effects. The 

findings elucidate the correlation between these parameters and 

the induced strain within the laminated system. 

Figure 4 showcases the theoretical model's voltage 

predictions, displaying consistent alignment with experimental 

measurements. The experimental setup involved three MFC 

piezoelectric transducers integrated into a composite panel 

made of fiberglass and epoxy resin. Each MFC transducer was 

connected to an external resistance. The voltage drop across 

these external resistors was measured, recorded, and then 

averaged for analysis.

 

Fig. 4. A correlation between the results obtained from experiments and those generated by model simulations for the voltage 

measured at various temperature ranges, with a 25 Hz sinusoidal force applied to the transducer.

To simulate real-world conditions, the mathematical model 

underwent testing across a range of moderate temperature 

environments, covering both positive and negative temperatures. 

This paper delves into temperatures from 0°C to -40°C, while  

a separate publication examines the range from 25°C to 60°C. 

The chosen temperature span aims to encapsulate typical 
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operational scenarios for alternative energy sources, providing 

an assessment of the MFC transducer's performance within its 

designated temperature range. The developed mathematical 

model, expounded in this and previous works [12, 26], exhibited 

remarkable consistency with experimental results conducted in 

laboratory settings. This strong alignment between theoretical 

predictions and actual measurements bolsters the model's 

reliability. Moreover, the model's efficacy permits the 

exploration of specific parameters within the energy harvester 

system when the laminated MFC transducer encounters 

fluctuations in ambient temperature and frequency. 

Figure 5 illustrates the variation in output voltage across 

diverse temperature and frequency conditions, detailed in 

reference [12]. In our current investigation, we adopt a similar 

experimental approach but concentrate on examining negative 

temperature load conditions. By comparing Figures 4 and 7, it's 

apparent that the output voltage of the MFC piezoelectric 

transducer is primarily influenced by temperature and frequency. 

 

Fig. 5. Power output at various frequencies and temperature 

ranges based on the reference [12, 26]. 

In positive temperature conditions, the rate of voltage 

change demonstrates a more pronounced increase with rising 

temperatures. Conversely, in negative temperature conditions, 

the rate of change in output voltage remains relatively constant. 

This distinction in behavior between positive and negative 

temperature ranges underscores the distinct sensitivity of the 

MFC piezoelectric transducer to temperature variations. This 

observation aligns with trends discussed in existing literature 

[12, 26], highlighting the transducer's unique response under 

negative temperature conditions compared to its behavior in 

positive temperature ranges. This in-depth analysis of these 

trends and their implications significantly contributes to our 

comprehension of the MFC piezoelectric transducer's 

performance across diverse environmental conditions. 

Prior studies [21] extensively explored the behavior of 

various piezoelectric parameters under different temperatures, 

including dielectric permittivity, electromechanical coupling 

factors, and piezoelectric voltage and charge constants. It's been 

established that temperatures below 150°C have an insignificant 

impact on these parameters, implying successful transducer 

application below this temperature threshold without any 

discernible loss in their piezoelectric properties. However, our 

research delves deeper and conclusively demonstrates, 

empirically and theoretically, that the transducer is highly 

sensitive to temperatures both below and above room 

temperature. Its efficiency is notably influenced by temperature 

fluctuations. 

 

Fig. 6. The 3D spectrogram plot: a – voltage amplitude 

comparison of the same temperature and different frequency 

and b – different temperature and the same frequency. 

a) 

 
b) 
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Figure 6 presents a comprehensive analysis of the voltage 

response using a 3D spectrogram plot. The first part (a) 

compares voltage amplitudes across different frequencies at  

a specific temperature, aiming to elucidate how frequency 

variations affect the voltage output. The second part (b) focuses 

on comparing voltage amplitudes at various temperatures while 

maintaining a constant frequency, providing insights into the 

impact of temperature variations on the voltage response. This 

spectrogram plot visually encapsulates these comparisons, 

offering a holistic depiction of the relationship between 

frequency, temperature, and voltage amplitude. 

In Figure 6 -b, the specific experimental conditions entail  

a constant frequency of 5 Hz within a temperature range from 

0°C to -40 degrees Celsius. This plot illustrates the correlation 

between temperature and voltage amplitude concerning the 

transducer's performance. Interestingly, the highest voltage 

amplitude occurred at 0 degrees Celsius, indicating optimal 

performance at this temperature. Surprisingly, temperatures 

below 0 degrees Celsius exhibited a relatively similar impact on 

the transducer's performance, suggesting that further cooling 

didn't significantly affect the voltage amplitude. This 

observation implies that within the studied temperature range, 

the transducer's performance remained relatively stable and was 

primarily influenced by the initial temperature drop. 

Figure 7 demonstrates the measurement of voltage intensity 

in the frequency domain across different temperatures. The plot 

illustrates the relationship between frequency and voltage 

intensity, depicting how the voltage response varies with 

different frequencies across the temperature spectrum. Notably, 

a clear trend emerges where voltage intensity increases with 

higher excitation frequencies. This discovery indicates that 

higher excitation frequencies result in a more substantial 

voltage response from the transducer. The data presented in 

Figure 8 offers empirical evidence of the system's frequency-

dependent behavior and vividly showcases the impact of 

frequency and temperature on the voltage response.

 

Fig. 7. Measurement of voltage intensity in frequency domain at various temperatures.
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An intriguing discovery from this study, in line with 

references [1, 31], is the substantial variability in sensitivity 

observed within the moderate temperature range spanning -

40°C to +60°C. This observation emphasizes the significant 

influence of temperature fluctuations within this specific range 

on the transducer's performance. The examination of moderate 

temperature environments and the analysis of piezoelectric 

parameters across varying temperatures contribute substantially 

to comprehending the behavior of the MFC transducer. The 

observed sensitivity fluctuations within this range hold 

implications for practical applications, especially in contexts 

like wireless sensor networks, where consistent and reliable 

transducer performance is paramount. By delving into and 

characterizing the transducer's sensitivity within this moderate 

temperature span, this research offers invaluable insights for 

refining and optimizing energy harvesting systems in real-world 

applications, thereby enhancing the reliability and effectiveness 

of wireless sensor networks. 

 

Fig. 8. A summary of voltage measurements taken over  

a temperature domain at several moderate frequencies. 

Figure 8 serves as a comprehensive summary of the 

generated electric voltage concerning different frequencies 

across the temperature spectrum. It provides significant insights 

into how temperature variations correlate with the resulting 

voltage responses. Noteworthy is the consistent voltage 

behavior observed in temperatures below 0 degrees Celsius, 

suggesting a stable response within this temperature range. In 

contrast, positive temperatures exhibit a remarkable increase in 

voltage [12]. This observation indicates a more pronounced 

impact of positive temperatures on voltage behavior, leading to 

a substantial voltage rise. The data showcased in Figures 6 and 

8 vividly highlights the disparate effects of temperature on 

voltage response, emphasizing the necessity of considering 

temperature variations when evaluating the transducer's 

performance. 

5. Conclusion 

In summary, this study expands upon previous investigations 

[12], focusing on exploring the impact of sub-zero temperatures 

and varied frequencies on an MFC piezoelectric transducer. The 

primary objectives included evaluating the feasibility of 

utilizing vibrational energy in temperatures below 0 degrees 

Celsius for powering portable electronic devices in wireless 

sensor network applications and analyzing the transducer's 

sensitivity. 

Key Points: 

• The developed models underwent validation through 

experimental measurements, where the MFC 

piezoelectric transducer was subjected to negative 

temperature conditions and stress loads. 

• Excitation was conducted at low frequencies (5 to 25 

Hz) within an operational temperature range of 0 to -

40 degrees Celsius, revealing a direct proportional 

relationship between the electric field properties of the 

MFC transducer and the strain in the laminated Macro 

Fiber Composite system. 

• Unlike the positive temperature range where 

sensitivity increased linearly with temperature, the 

transducer exhibited low sensitivity in the negative 

range (0 to -40 degrees Celsius) with minimal changes. 

• Specifically, at lower frequencies and temperatures 

between -10 to -40 degrees Celsius, the generated 

voltage demonstrated consistent characteristics. 

• Frequency of excitation emerged as a critical factor 

influencing the transducer's sensitivity, indicating 

increased sensitivity at higher frequencies. 

• The study underscores the importance of considering 

temperature and frequency effects when optimizing 

wireless sensor network systems' performance. The 

findings suggest potential pathways for sustainable 

energy solutions. 

• This research offers valuable insights into harnessing 
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vibrational energy in negative temperature 

environments and holds implications for enhancing 

power supply and signal measurement mechanisms in 

low-power electronic devices and wireless sensor 

networks. 

Research on MFC piezoelectric transducers has showcased 

their versatile applications, from structural monitoring to 

harvesting energy from mechanical vibrations. Exploring their 

behavior under diverse temperature and frequency conditions 

revealed a significant impact of these factors on their 

performance. The discovery that these transducers respond 

differently based on temperature ranges, especially in negative 

conditions, is pivotal for developing efficient energy systems. 

In positive temperatures, sensitivity increased linearly with 

temperature rise, while in negative conditions (0 to -40 degrees 

Celsius), low sensitivity with minimal changes was observed. 

Analyzing the effect of vibration frequencies on transducer 

sensitivity indicated that higher frequencies were linked to 

increased transducer sensitivity. These studies underscore the 

importance of considering temperature and frequency effects in 

optimizing sensor network systems. They also highlight the 

potential of utilizing mechanical vibrations in low-temperature 

environments as an energy source, with significant implications 

for developing efficient power solutions for low-power 

electronic devices and wireless sensor networks. 

These investigations have made a significant contribution to 

understanding the behavior of MFC piezoelectric transducers in 

diverse environmental conditions, paving the way for the 

development of sustainable energy systems capable of 

harnessing mechanical vibrations in low-temperature settings.
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