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Abstract—This article presents an analytical model to estimate 

the harvested power from a Magnetostrictive cantilevered beam with 
tip excitation. Furthermore, the effects of internal and external 
damping on harvested power are investigated. The magnetostrictive 
material in this harvester is Galfenol. In comparison to other popular 
smart materials like Terfenol-D, Galfenol has higher strength and 
machinability. In this article, first, a mechanical model of the Euler-
Bernoulli beam is employed to calculate the deflection of the 
harvester. Then, the magneto-mechanical equation of Galfenol is 
combined with Faraday's law to calculate the generated voltage of the 
Magnetostrictive cantilevered beam harvester. Finally, the beam 
model is incorporated in the aforementioned combination. The results 
show that a 30×8.5×1 mm Galfenol cantilever beam harvester with 
80 turn pickup coil can generate up to 3.7 mV and 9 W. 
Furthermore, sensitivity analysis made by Response Surface Method 
(RSM) shows that the harvested power is only sensitive to the 
internal damping coefficient.  
 

Keywords—Internal damping coefficient, external damping 
coefficient, Euler-Bernoulli, energy harvester, Galfenol, 
magnetostrictive, response surface method.  

I. INTRODUCTION 

OWADAYS mechanical energy harvesters play a 
significant role in a wide range of applications from 

health monitoring systems in mechanical structures to 
pacemaker implants in human bodies. Although it seems that 
the generated power by these vibrational harvesters is very 
low, this amount of energy is enough to energize a low power 
system such as health monitoring systems of mechanical, civil 
and aerospace structures or any other wireless sensor 
networks. Usually electromagnetic [1]-[4] conversion system 
is suitable for generating from mW to Watt power level. 
Furthermore, electrostatics [5]-[7] technique is employed for 
MEMS applications to generate in the microwatt power level. 
Among all, the use of smart materials is on the rise. Smart 
materials have wide applications in actuators [8]-[15], sensors 
[16], and harvesters [17], [18]. Although hysteresis [19], creep 
[20] and presence of Eddy current [21] complicate the 
modeling process for smart-material-based harvesters, these 
harvesters have a wide range of working frequency and can be 
used in relatively small spaces [22], [23]. The most common 
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material used in energy harvesting is piezoelectric (PZT) [24], 
[25]. Although PZT harvesters are suitable for wide frequency 
bandwidth, their poor electro-mechanical coupling coefficient 
and brittleness of PZT makes these materials unreliable for 
long life operation [26]-[30]. In contrast to PZT, 
magnetostrictive materials have high stiffness and high 
magneto-mechanical coupling coefficient [9], [31], [32]. 
These merits make them suitable for long-life harvesters that 
operate with high efficiency in a wide range of temperatures 
[33]. Energy harvesters are usually classified as force driven 
or velocity driven. Both consist of an active material and a 
pickup coil. In force driven harvesters, a rod, made of the 
active material, is under normal stress, and in velocity driven 
harvesters, a cantilevered beam, made of the active material, is 
under lateral bending. Based on the Villari effect, when the 
rod is under normal stress (force driven) or lateral bending 
(velocity driven), its magnetization changes induce a voltage 
in the pickup coil. Conventionally, the velocity driven 
harvesters are made of PZT and they are excited from the 
base. Analytical models presented for these harvesters 
normally neglect both internal and external damping [34]-[37].  

In this article, a mechanical model for velocity driven 
harvester, made of Galfenol, is proposed. Galfenol is an iron-
gallium alloy and is a suitable choice for use in actuators, 
energy harvesters, sonar systems, and active vibration control 
system. In comparison to PZT, Galfenol has higher Young's 
modulus (~70 GPa), higher relative magnetic permeability 
(60~300) and higher machinability. In the proposed model an 
external force can be applied at any point of the beam, not 
only the base. Moreover, this model considers both internal 
and external damping of the beam. In the second section, the 
developed mechanical model is combined with analytical 
solutions to relevant magneto-mechanical coupling and 
magnetics governing equations. The resultant holistic model 
can estimate voltage and power generated in the proposed 
harvester for different forces applied on different points of the 
harvester beam. In the end, deflection of the beam as well as 
maximum voltage and power generated by the proposed 
harvester are calculated under resonant conditions. Results 
indicate a significant influence of internal damping on 
harvester performance. 

II. MECHANICAL MODEL OF CANTILEVER BEAM HARVESTER 

A magnetostrictive cantilevered harvester consists of an 
active material fixed in one end and free in the other end, 
surrounded by a pickup coil. The fixed end of the beam is 
located on a solid base that has no movement. The pickup coil 
is connected to an external resistor load that its voltage is 
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measured. This article particularly concentrates on the 
mechanical aspects of the energy harvester and does not 
investigate the difference between configurations of electrical 
load. The harvester beam is realistically considered as a 
uniform Euler-Bernoulli beam, which has only vertical 
transverse vibration. In contrast to most of the cantilevered 
harvesters, in this one, the base has no vibration and the 
external force can be applied to any point of the beam. The 
applied force generates a moment on the magnetostrictive rod. 
Two damping factors are separately considered in this 
research. The first damping factor that is influenced by the 
surrounding environment is called external (rext). The second 
one related to the internal friction of material is called internal 
damping (rint). Considering these damping factors, the absolute 
displacement of the beam can be written as [18]. 

 

 

Fig. 1 Schematic view of Galfenol harvester 
 

(1) 𝐸𝐼 ,  𝑈 ,  𝑟 ,  𝑟 ,

𝑝 𝑥, 𝑡   
 
where ν(x,t) is the displacement of the beam at point x in y-
direction at time t, E is Young's modulus, I is the moment of 
inertia of the cross-section and p(x,t) is the applied force to the 
beam. U is the effective mass of the harvester. The applied 
oscillating force to the harvester is harmonic. Hence, it can be 
modelled as: 
 

(2) 𝑝 𝑥, 𝑡 𝐹  e 𝛿 𝑥 𝑥  
 

where F0 is the amplitude of the oscillating force,  is the 
frequency of the applied force, xf is the position of applied 
harmonic force and j is the imaginary unit or √ 1. 

Since the damping factors are considered in (1), the 
displacement of the beam, ν, was considered to be complex. 
Therefore, (1) can be written as: 
  

(3) 
𝐸𝐼 ,  µ ,  𝑟 ,  

𝑟 ,  𝐹  e 𝛿 𝑥 𝑥    
 
where ν(x,t)=Re{w(x)}. Equation (3) is partial differential and 
the solution can be assumed as 
 

(4)𝑤 𝑥, 𝑡 𝑋 𝑥 𝑇 𝑡 𝑋 𝑥 e  
 

By substituting (4) in (3): 
  

(5) 
µ

𝑋   

 
As shown in [18] by solving (5), displacement can be 

found. Furthermore, the resonance frequency of the cantilever 
beam, in which the harvester shows maximum performance at 
it, can be determined.  

III. MAGNETO-MECHANICAL COUPLING OF GALFENOL 

The goal of this section is to find a relationship to estimate 
generated voltage in the energy harvester. By applying 
transverse harmonic force to the cantilevered beam, Galfenol 
as a part of the beam would be subject to tensile and 
compressive bending stresses. As a result, the flux inside of 
the Galfenol would repeatedly changes and based on 
Faraday’s law, voltage would be generated within the pickup 
coil shown in Fig. 1. The coil surrounds the active part of the 
Galfenol and is connected to an external resistor as a load. By 
assuming the vibration as a transverse harmonic force, the 
magneto-mechanical relation of Galfenol can be linearized as 
 

 𝐵 𝜇 𝐻 𝑑∗𝜎 
𝜀 𝑑𝐻             (6) 

 
where B and H are magnetic flux density and magnetic field, 
respectively, 𝜎 and 𝜀 are applied stress and strain. 𝜇  is the 
magnetic permeability in constant mechanical stress. 𝑑 and 
𝑑∗ are two magnetostrictive coefficients and can be described 
as [38]:  
 

𝑑

𝑑∗
           (7) 

 
where 𝑑 and 𝑑∗are measured at constant stress and strain, 
respectively and are considered to be equal. As proved in [18], 
the generated voltage across the external resistive load R, can 
be calculated from (10).  
 

(8) 

𝑣 𝑡 𝑒 𝑒   

𝐺1   

𝐺2 𝑋 𝑥   
 

where N and l are the number of turns and length of the pickup 
coil, respectively. Furthermore, A and E are the cross-section 
area and Young’s modulus of the Galfenol. In addition,  is 
the excitation frequency of the harvester while z is the distance 
between the centroid of the cross-section of Galfenol and 
neutral axes. The value of R is equal to the total resistance of 
the circuit. Considering the coil has negligible resistance, R is 
almost equal to external resistance parallel to the harvester. 
Using (8), the effect of both rext and rint, on resonance 
frequency, generated voltage and power of the cantilevered 
harvester are shown in Figs. 2-4. In these figures, the external 
load has been changed from 0 to 10 Ω and the harmonic force 
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amplitude is 0.106 N at the tip of the harvester. The harvested 
voltage and power are calculated at the resonance frequency. 
Other related parameters are shown in Table I. The resonance 
frequency (Fig. 2) varies from 173 to 177 Hz for different 
damping coefficients. As shown in Fig. 3, the generated 
voltage of the beam with damping almost saturates around 3.7 
mV. Moreover, the highest generated power of the harvester 
happens with a 0.8 Ω external resistor which is about to 9 W.  

IV. SENSITIVE ANALYSIS OF DAMPING COEFFICIENT 

Based on the results show in Figs. 2-4, the external and 
internal damping coefficients seem to be effective on the 
output harvested power. To investigate this assumption, design 
of experiments (DOE) was employed. The aim of this section 
is to find optimum operating conditions while the internal and 
external coefficients are assumed adjustable. The variable 
factors in this harvester are rext and rint. To maximize the 
harvested power, the RSM was used to find proper values for 
each factor to have maximum power. To find a regression 
equation between the harvested power and damping 
coefficients, Minitab 17 software was employed. As shown in 
Table II, two factors with five levels were considered. Based 
on the design proposed by RSM and selection of= 1.44, it 
was found that nine simulation results including one center 
point is required (Table III). Table IV shows the Pvalue and the 
coefficients of each factor. Since the Pvalue of rext is greater than 
0.05, external damping has a negligible effect on the output 
power. However, rint is effective, since its Pvalue is smaller than 
0.05. R-Sq = 99.9% shows the goodness of the model 
represented by RSM.  

 
TABLE I 

HARVESTER PARAMETERS 

Terms Values 

Cross-section of Galfenol, A  8.5 (mm2) 

Young Modolues, E  72 (GPa) 

Galfenol density,  7970 (kg/m3) 

Magnetostriction coefficient, d 26E-12 (m/A) 

Number of turns in pickup coil, N 80 

Length of the pickup coil, l 30 (mm) 

Force (F0)  0.106 (N) 

Relative magnetic permeability, r 300 

Moment of Inertia of the beam, I 85E-12 

 
TABLE II 

CODED INPUT VARIABLES  

Factors -  -1 0 1 +  

rext 0 0.015 0.05 0.085 0.1 

rint 0 0.015 0.05 0.085 0.1 

 
Based on the coefficients presented in Table IV, the 

harvested power can be modeled by (9): 
 

Pmax= 2.32714+3.15177 rint + 1.09885 rint×rint           (9) 
 

Therefore, the external damping coefficient has negligible 
effect on the generated power, and power is sensitive to the 
internal damping coefficient.  

 

 

Fig. 2 Frequency response of the harvester under different coefficient 
 

 

Fig. 3 Highest output voltage of harvester under different damping 
coefficient 

 

 

Fig. 4 Highest output power under different damping coefficient 

V. CONCLUSION 

A velocity driven energy harvester with a tip excitation was 
proposed in the paper. The proposed harvester is made of 
Galfenol material due to its high stiffness, ductility, 
machinability, and suitability for welding compared to other 



International Journal of Mechanical, Industrial and Aerospace Sciences

ISSN: 2517-9950

Vol:14, No:4, 2020

173

 

smart materials. These properties make this smart material a 
suitable choice for energy harvesting under shocking forces or 
harsh environments. In this work, the effect of internal and 
external damping coefficients was investigated. Although, 
initial investigations show that the values of damping 
coefficients have a small effect on the resonance frequency of 
the harvester, the sensitivity analysis made by Response 
Surface Method (RSM) shows that the harvested power is only 
sensitive to the internal damping coefficient. Furthermore, it 
was confirmed that the generated power by the Galfenol is in 
the micron Watt range.  

 
TABLE III 

ANALYTICAL RESULTS USED IN RSM 

Order rext rint Pmax (W) 

1 0.015 0.015 0.247 

2 0.085 0.015 0.247 

3 0.015 0.085 6.55 

4 0.085 0.085 6.55 

5 0.0 0.05 2.33 

6 0.1 0.05 2.33 

7 0.05 0.0 0.0947 

8 0.05 0.1 9.01 

9 0.05 0.05 2.337 

 
 TABLE IV 

COEFFICIENT OF REGRESSION EQUATION AND PVALUE IN INITIAL AND MODIFIED 

MODELS 

Terms 
Initial Model Modified Model 

Reg. Eq. 
Coefficient 

Pvalue 
Reg. Eq. 

Coefficient 
Pvalue 

Constant  2.337 0.00 2.3271 0.00 

rext  0.00 1.00 ---- ---- 

rint  3.15177 0.00 3.15177 0.00 

rext* rext  -0.01417 0.145 ---- ----- 

rint* rint  1.097 0.00 1.09885 0.00 

rint* rext  0.00 1.00 ----- ----- 
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