
 

 
 

International Workshop 
SMART MATERIALS, STRUCTURES & NDT in AEROSPACE 

Conference 
NDT in Canada 2011 

    2 - 4 November 2011, Montreal, Quebec, Canada 

 
 2011 CANSMART CINDE IZFP 

 
 

A SHEAR-MODE PIEZOCERAMIC DEVICE FOR  
ENERGY HARVESTING APPLICATIONS

 
 

V. Kulkarni 1, R. Ben Mrad 1, E. Prasad 1 and S. Nemana 2 
 

1 Department of Mechanical & Industrial Engineering, University of Toronto,  
5 King’s College Rd., Toronto, ON, Canada, M5S3G8 

 
2 Sensor Technology Limited, PO Box 97, Collingwood, ON, Canada, L9Y 3Z4 

 
 

ABSTRACT 
 
Piezoceramic energy harvesting devices are being explored for their potential in creating self-

powered devices for wireless sensor networks. However, the current state of these devices suffers 
from low-power outputs that render them unusable for many electronic applications. This paper 
presents a concept for a novel energy harvesting design that makes use of the shear mode of 
piezoceramic materials and thus utilizes favourable piezoelectric and electromechanical 
properties to improve output power harvested from ambient mechanical vibrations. Various 
configurations of this shear mode device are presented along with a model to predict the power 
output and other characteristics of the harvester under various environments.   
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INTRODUCTION 
 
Energy harvesting refers to the ability of some devices to capture energy from their 

environment and convert it into usable electrical energy. Piezoelectric energy harvesters are one 
sub-set of these devices that utilize piezoelectric materials to convert mechanical energy in 
vibrations into electrical energy. Such devices are currently being explored in the literature for 
their potential to create self-powered devices with applications in wireless sensor networks to 
monitor structural health of civil and aerospace infrastructure [1-2]. However, currently, the 
technology suffers from poor power outputs that limit its uses to few real-world electronic 
devices [3]. 

 
Most methods explored in the literature utilize the longitudinal (-33) or transverse (-31) mode 

of piezoceramic materials for harvesting power. However, a closer look at the material properties 
suggests that the shear-mode (-15) of piezoceramic materials offers better potential for power 
harvesting than the commonly used methods. In comparing the various modes of piezoceramics 
for sensor applications, Ezery-Azulay and Abramovich found that for cases of low lateral 
displacements, the shear mode of piezoceramics had greater outputs than the transverse mode 
along with higher efficiencies under certain geometries [4].  

 
For energy harvesting applications, the shear mode of piezoceramics was explored by Ren et 

al. in [5]. In this, a shear harvester was developed by using a PMN-PT single crystal mounted on 
a cantilever beam and by poling the crystal in a direction running along the length of the beam. 
With this alternative geometry, the harvester was able to utilize the shearing forces during the 
bending of the beam to produce an electric potential. An analytical model of the harvester was 
presented and the device was fabricated for experimental testing. The 50 mm x 6 mm x 0.3 mm 
prototype was observed to produce 4.16 mW of peak power at a frequency of 60 Hz and a peak 
output voltage of 91.23 V. 

 
Another shear-mode based energy harvester was presented in [6]. In this, a membrane-based 

device was fabricated to operate under pressurized water flow to apply direct shear on a short 
piezoceramic bar, creating charge. Experimental results show the device to be capable of 
producing 72 mVpp and peak power outputs of 0.45 nW under water pressure of 20.8 kPa varying 
at a frequency of 45 Hz. A similar shear mode harvester was also proposed by Majidi et al. in [7] 
using arrays of ZnO nanoribbons under shear deformation. Mathematical models of this harvester 
were presented in this work and it was predicted that the device would be capable of producing 
as much as 100 nW/mm3 of power.  

 
The above devices utilize the principle of direct shear on a piezoceramic block to produce an 

electric potential for energy harvesting. However such devices have high stiffness that limits the 
amount of charge that can be generated under vibration excitations. An alternative shear-mode 
based energy harvesting device is presented below.  

 
SHEAR MODE OF PIEZOCERAMIC MATERIALS 

 
The energy harvesting potential of a piezoelectric material can be characterized by the product 

of two of its piezoelectric coefficients: d – the piezoelectric charge coefficient and g – the 
piezoelectric voltage coefficient [8]. A higher d-g product represents the potential for higher 
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power output and so, materials with the highest d-g products are best suited for energy 
harvesting.  

 
An examination of the properties of piezoceramics presented in [9] and [10] indicates that for 

the listed materials, the shear mode offers the highest potential among the other modes of 
operation for energy harvesting outputs. Furthermore, among the materials listed, PMN-PT 
single crystals offer the highest potential for harvesting, with d-g products over a magnitude 
higher than those found with PZT ceramics.  

 
Despite the potential, however, most shear modes of piezoceramics cannot be easily utilized. 

For instance, the principle of operation of the -15 mode of piezoceramics is shown below in 
Figure 1. Using this mode requires the piezoceramic first be poled in one direction (referred to by 
convention as the -3 direction) using a set of patterned electrodes. Upon poling, these electrodes 
must then be removed through polishing or grinding and a new set of electrodes must be 
deposited on the ceramic perpendicular to the initial electrode orientation. This additional step in 
changing electrode orientation increases the cost of shear mode ceramics and makes them rare 
for commercial piezoelectric use.  

 
Uniquely to PMN-PT single crystals, however, there also exists a -36 shear mode that 

overcomes the additional steps required in PZT shear mode manufacturing [10]. In this mode, 
charge displacement in the piezoceramic occurs as a result of shear forces acting about the 
polarization axis. Consequently, the same electrodes used for poling are used during the 
harvesting process. While this shear mode does not have a d-g product as large as the -15 mode 
of PMN-PT crystals, it still represents a much larger energy harvesting potential than that 
observed with PZT ceramics. Thus, this shear mode will be examined further for energy 
harvesting applications.  

 

 
Fig 1: Operating principle of -15 shear mode of piezoceramic materials with P representing the 

poling direction and E1 is the electric field developed in the ceramic 
 

SHEAR MODE ENERGY HARVESTING CONCEPT 
 

One method of inducing shear forces on a piezoelectric ceramic is using the principle of 
torsion on a circular tube. Under torsion, elements along the circumference of the tube undergo 
shear stresses in the circumferential plane with the highest shear stresses located on the outer 
circumference of the tube as shown in Figure 2. If piezoceramic elements are bonded to this 
surface, then the shear stresses induced by torsion can be used for energy harvesting. The 
geometry of the cylindrical tube can then be altered to produce a harvester with the desired 
frequency response.  
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Fig. 2: Shearing in circular tubes under torsion  

 
Using the -15 shear mode in this concept requires that the device be poled in the tangential 

direction (-3 direction) and harvesting be conducted in the longitudinal direction (the -1 
direction; see Figure 3) thus requiring a complex electrode pattern. However, if the PMN-PT 
single crystal is used in the -36 shear mode, the harvester concept requires only that the 
piezoceramic be poled in the radial direction and the same electrodes be used for harvesting (see 
Figure 4). Consequently, due to its simplicity, the operation of a -36 mode single crystal 
harvester is analyzed below. 
 

 
Fig. 3: Poling and harvesting directions for -15 shear mode harvester 

 
-36 Shear Mode Single Crystal Harvester 
 

An illustration of the -36 shear mode harvester is shown below in Figure 4 consisting of a 
cylindrical tube and a single PMN-PT element wafer bonded to its outer surface. The single 
crystal element runs the length of the cylindrical tube and its width and thickness are much 
smaller than the tube dimensions. Poling of the single crystal is done across its thickness. The 
device is clamped at its base and experiences shear stresses as a result of torsional vibrations at a 
frequency ω. If the angle α subtended by the ceramic is small, the poling direction in the ceramic 
element can be approximated as radial to the cylindrical tube and the torsional shear stresses can 
be observed acting about the poling direction. Consequently, the device can be assumed to 
operate in the -36 shear mode. If pure torsion and consequently pure shear are assumed to act on 
the harvester, then the constitutive matrix of equations simplifies to: 
  

3336363 ESeD Tε+=                                                                                 (1) 
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where D3 refers to the charge displacement along the poling direction (radial direction), e36 is the 
piezoelectric stress coefficient, S6 is the shear strain, and E3 is the electric field.  

 

  
(a)                                                                           (b) 

 
Fig 4: Concept of a -36 shear mode PMN-PT single crystal harvester with (a) General overview 

and (b) cross-section of harvester with electrodes and poling direction 
 

If the thickness of the piezoceramic material is assumed to be very small compared to the 
radius of the tube, then the shear stress in the ceramic can be approximated as: 
 

z

tz
RS o ∂

Φ∂= ),(
6 ,                                 (2) 

 
where Φ(z,t) is the angular displacement of the tube at position z along the tube and Ro is the 
outer radius of the tube. Combining equations (1) and (2) and assuming a constant electric field 
in the piezoceramic, the electrical displacement can be integrated over the electrode area to give: 
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    In (3), Q is the charge collected by the electrode and Φl refers to the angular displacement 
Φ(z,t) at z = l (i.e. at the free end of the tube) where l is the length of the piezoceramic and the 
cylindrical tube. If the vibration input to the system is assumed to vary sinusoidally over time, 
the amplitude of the current I through the electrodes can be related to Q as: 
 
   I Qω=                                   (4) 
 
     Furthermore, if an external resistance R is attached to the piezoceramic element, the current 
through the resistor can be related to the voltage drop using Ohm’s Law. Using this with equation 
(4), the amplitude of the voltage generated by the ceramic can be calculated. Finally, with a 
known voltage across a resistance, the peak power generated by the harvester can be determined 
as: 
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This expression allows for the calculation of peak power outputs for the proposed shear-mode 

harvester using the geometric parameters and material properties related to the device. The 
expression also uses the quantity Φl relating to the dynamic behaviour of the harvester under 
excitation. If the effects of energy harvesting on the mechanical dynamics of the cylindrical tube 
are small, as in the case shown with one small element, Φl can be approximated by solving the 
wave equation for the torsional vibrations of a hollow tube. However, if a number of 
piezoceramic elements are used such that the impact of energy harvesting significantly affects the 
mechanical dynamics of the system, then Φl must be determined using coupled 
electromechanical equations for the vibration of the system. 

 
The above presented approach can also be adapted for -15 shear mode harvesters with 

appropriate modifications for directions and electrode orientations during charge calculations. 
However, -15 shear mode harvesters may require complex electrode patterning and geometries 
that may present challenges when using an analytical approach. 
 

CONCLUSIONS 
 
    This paper demonstrates the potential for shear mode energy harvesters to create piezoelectric 
energy harvesters with higher outputs than those found with other piezoceramic modes of 
operation. Concepts using shear stresses created by torsion to realize this potential have also been 
presented along with a model to predict the response of a simplified harvester system. However, 
there are many aspects of shear harvesters that need to be investigated before their potential can 
be fully realized. Chief among these include means of maximizing potential energy stored in the 
harvester during cycles of vibration to maximize the power produced from the device. Other 
issues such as examining the impact of shear loading on brittle piezoceramics and ways of 
overcoming these must also be explored. If these concerns are addressed, shear mode harvesters 
have the potential to create high output piezoelectric energy harvesters for a wide variety of 
applications. 
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