
Science and Technology of advanced MaTerialS, 2017
vol. 18, no. 1, 51–59
http://dx.doi.org/10.1080/14686996.2016.1254569

KEYWORDS
lead-free; piezoceramic; 
shear-mode; torsion; 
actuation

ARTICLE HISTORY
received 4 august 2016 
revised 26 october 2016 
accepted 26 october 2016

© 2017 The author(s). Published by national institute for Materials Science in partnership with Taylor & francis.
This is an open access article distributed under the terms of the creative commons attribution license (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted 
use, distribution, and reproduction in any medium, provided the original work is properly cited.

CONTACT Pelin Berik   pelin.berik@gmail.com
 Supplemental data for this article can be accessed here http://dx.doi10.1080/14686996.2016.1254569.

CLASSIFICATION
10 engineering and 
structural materials; 
107 glass and ceramic 
materials; 202 dielectrics/ 
Piezoelectrics/ insulators; 
304 Powder processing/ 
Sintering; 400 Modeling/ 
Simulations

Enhanced torsional actuation and stress coupling in Mn-modified 
0.93(Na0.5Bi0.5TiO3)-0.07BaTiO3 lead-free piezoceramic system

Pelin Berik, Deepam Maurya, Prashant Kumar, Min Gyu Kang and Shashank Priya

Bio-inspired Materials and devices laboratory (BMdl), center for energy harvesting Materials and Systems (cehMS), virginia Tech, 
Blacksburg, va, USa

ABSTRACT
This paper is concerned with the development of a piezoelectric d15 shear-induced torsion 
actuator made of a lead-free piezoceramic material exhibiting giant piezoelectric shear stress 
coefficient (e15) and piezoelectric transverse shear actuation force comparable to that of lead-
based shear-mode piezoceramics. The Mn-modified 0.93(Na0.5Bi0.5TiO3)-0.07BaTiO3 (NBT-BT-
Mn) composition exhibited excellent properties as a torsional transducer with piezoelectric 
shear stress coefficient on the order of 11.6 C m–2. The torsional transducer, consisting of two 
oppositely polarized NBT-BT-Mn d15 mode piezoceramic shear patches, provided a rate of twist 
of 0.08  mm  m–1 V–1 under quasi-static 150 V drive. The high value of piezoelectric shear d15 
coefficient in NBT-BT-Mn sample further demonstrated its potential in practical applications. 
These results confirm that the lead-free piezoceramics can be as effective as their lead-based 
counterparts.

 OPEN ACCESS

1. Introduction

The continued research emphasis on piezoelectric mate-
rials is related to their extensive range of applications 
including energy harvesting, structural health moni-
toring, vibration damping, underwater acoustics and 
actuation. Lead-based piezoelectric materials exhibit 
excellent actuation and sensing capabilities. However, 
with rising concern about the presence of lead in con-
sumer applications there is a continuous emphasis 
towards finding a lead-free alternative that can meet 
the application requirements. In the last decade, several 
lead-free piezoelectric materials have been investigated 
to address this need,[1–4] and out of these investiga-
tions, Na0.5Bi0.5TiO3–BaTiO3 (NBT-BT) based composi-
tions have emerged as a potential candidate due to their 

high E-field induced strain, piezoelectric response and 
ferroelectric polarization.[5–8]

In the past, significant research has been conducted to 
analyze the extension/bending effect of the piezoelectric 
actuators; however, a limited number of investigations 
have been performed on developing the piezoelectric 
shear actuators. Piezoelectric shear actuation is induced 
by applying an electric field perpendicular to the axis 
of polarization. The advantage of using shear mode 
can be seen from the fact that piezoelectric d15 shear 
coefficient is higher than the transversal and longitudi-
nal piezoelectric coefficients (d31 and d33) respectively. 
Similarly, the value of shear electromechanical coupling 
coefficient (k15) is higher than that of k31 and k33. For 
example, commercial EC-65 material from Exelis Inc. 
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(McLean, VA, USA) exhibits d33 = 380 pC/N, d31 = -−173 
pC/N, and d15 = 584 pC/N. Berik and Benjeddou [9] 
have reported experimental and numerical results for 
the use of lead-based piezoceramic d15 shear actuators 
as the core of a sandwich structure. In their work, exper-
iments on composite piezoelectric d15 shear transducers 
were presented for three benchmarks that differed in 
length and polarization configurations, demonstrat-
ing the nonlinearity for shear actuation mechanism 
(SAM). Butz et al. [10] conducted a numerical analysis 
on a bimorph torsional transducer composed of two 
adjacent piezoceramic rods (PZT-5H) bonded to each 
other along their width with polarization axes oppo-
site to each other in the same plane. In that study, a 
bimorph d15 torsion transducer was theoretically intro-
duced [10] which was later experimentally demonstrated 
by Berik and Benjeddou [11] using a sandwich patch 
actuator made of axially oppositely poled (OP) two 
adjacent rows of triple PZT PIC 255 patches and glass 
fiber reinforced polymer (GFRP) face covering layers. 
The torsion actuation mechanism (TAM) [11,12] has 
been further analyzed [13] by conducting quasi-static 
and static experiments for a benchmark that was val-
idated through Saint Venant-type solutions presented 
by Krommer et al. [14,15]. Experimental visualization 
of the d15 shear-induced torsion deformation through 
the quasi-static scanning laser deflection measurements 
has been investigated, setting the reference condition for 
further development.[13]

Following on from the first author’s previous works 
on lead-based piezoceramic d15 shear-induced torsion 
actuators [11,13] and the study on the effects of man-
ganese additive on piezoelectric properties of BNT-BT 
ferroelectric ceramics,[16] the present study contributes:

•  the first lead-free piezoceramic d15 shear-induced 
torsion actuator; previously lead-based piezoce-
ramic torsion actuators were analyzed;

•  analysis of piezoelectric d15 shear-mode properties 
of NBT-BT-Mn lead-free piezoceramics exhibiting 
improved piezoelectric shear response, transverse 
shear actuation force and fulfilling the needs of a 
high performance piezoceramic torsion actuator;

•  piezoresponse force microscopy (PFM) investiga-
tion of the domain morphology and the discussion 
of the effect of domain size on the piezoelectric 
response of NBT-BT-Mn piezoceramics;

•  systematic evaluation of a lead-free piezoceramic 
NBT-BT-Mn torsion actuator in terms of generated 
angle of twist using laser scanning vibrometery, 
finite element (FE) simulations and 3D Saint-
Venant type exact mathematical solutions;

•  experimental validation of Saint-Venant type tor-
sion solutions;[14,15] previously their verifications 
were conducted only through FE analysis;

•  discussion of piezoelectric nonlinearity of d15 
shear-mode NBT-BT-Mn piezoceramics; and

•  an update to the process of FE simulations and 
mathematical solutions by taking into account 
the piezoelectric nonlinearity of d15 shear-mode 
piezoceramics; in earlier works,[11,13] the veri-
fications were conducted only through linear FE 
analysis.

Hereafter, we demonstrate a lead-free NBT-BT-Mn 
piezoelectric ceramic material with enhanced piezoe-
lectric shear stress e15 coupling coefficient and utilize it 
to fabricate a high performance lead-free piezoceramic 
d15 shear-based torsion actuator. Systematic evaluation 
of the piezoceramic torsion transducer based on pie-
zoelectric d15 shear mode was conducted using a laser 
scanning vibrometer and results are compared with the 
Saint-Venant type exact 3D solutions [15] and three- 
dimensional FE simulations. The rate of the twist pro-
duced by torsion transducer was evaluated under quasi- 
static applied voltage. These results demonstrate that 
the lead-free torsion transducer reported here can be a 
viable alternative for lead-based ones.

2. Experimental procedure

A morphotropic phase boundary (MPB) 
0.93(Na0.5Bi0.5TiO3)-0.07BaTiO3 (NBT-BT) composite 
was synthesized using the conventional solid state reac-
tion method. Stoichiometric amounts of high purity 
powders of Na2CO3, TiO2, BaCO3 and Bi2O3 (99.5%, Alfa 
Aesar, Ward Hill, MA, USA) were mixed and ball milled 
for 24 h with yttria-stabilized ZrO2 balls in ethanol media 
in a polyethylene bottle. The ball milled powders were 
further subjected to two-step calcination at 800–900 °C 
for 2 h. The calcined powder was ball milled for 48 h 
followed by palletization and sintering at 1200 °C for 2 h. 
In order to synthesize Mn-doped NBT-BT piezoceramic 
material, 0.08 wt% MnO2 (99.9%, Alfa Aesar) was added 
into the calcined NBT-BT powder.[16] NBT-BT-0.08 wt% 
Mn is referred as NBT-BT-Mn in the manuscript. Figure 
1 shows the d15 shear polarization direction of the lead-
free NBT-BT-Mn piezoceramic rectangular patch.

The torsion transducer was fabricated using two iden-
tical lead-free NBT-BT-Mn d15 shear-mode piezoceramic 
patches with opposite (OP) polarization direction (Figure 2).  

Figure 1.  d15 shear polarization direction of the lead-free 
piezoceramic patches.
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The dimension of the reference sample was fixed to be 11 
× 7.20 × 0.54 mm3. The rectangular patches were bonded 
to each other using copper-based adhesive material. The 
torsion actuation experiments were conducted using a 
laser scanning vibrometer (Polytec MSA-500, Waldbronn, 
Germany) by applying varying sinusoidal excitation volt-
ages ranging from 30 V to 180 V at 10 Hz across the top 
and bottom electrodes of the piezoceramic patches in 
order to determine the rate of twist. The samples were 
mounted in the cantilever configuration and subjected to 
an electric voltage (V) such that the applied electric field 
was perpendicular to the polarization direction.

Since the polarization direction is along the x-axis, the 
induced actuation strains (Eigenstrains) by the right pie-
zoceramic shear patch in Figure 2(a) can be expressed as:

 

where sxx is the strain along the x direction, syy is the 
strain along the y direction, szz is the strain along the z 
direction, �yz is the shear strain in the yz plane, �xz is the 
shear strain in the xz plane and �xy is the shear strain in 
the xy plane.
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duced by the right piezoceramic patch is the dominant 
strain. Due to the opposite polarization direction, the left 
piezoceramic shear patch should produce strain corre-
sponding to �∗,l

xz
= −d

15
Ez. On application of an electric 

field along the z-direction, the right piezoceramic patch 
should deform positively whereas the left patch should 
deform negatively. The combination of these two defor-
mations will produce a global torsion of the bimorph 
transducer, since the patches are identical (have the same 
shear modulus), bonded to each other and the transverse 
shear strain should be continuous at the left/right patch 
interface.[11]

3. Results and discussion

3.1. Microstructural characterization

The scanning electron microscopy images (SEM, FEI 
Quanta 600 FEG, Hillsboro, OR, USA) of the pure 
NBT-BT and NBT-BT-Mn piezoceramics are compared 
in Figure 3(a) and 3(b), respectively. The grain size was 
measured using the line intercept method. The Mn-doped 
NBT-BT piezoceramic was found to exhibit enlarged grain 

Figure 2.  (a) Schematic of the benchmark sample. (b) 
experimental setup for characterization of the benchmark using 
laser vibrometer.

Figure 3.  SeM images of (a) nBT-BT and (b) nBT-BT-Mn 
piezoceramics.
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the EDS elemental mapping comparison of the NBT-
BT-Mn and pure NBT-BT samples, and the EDS image 
of the distribution Mn element in Mn modified NBT-BT 
ceramic. EDS images confirmed that Mn element was 

size. The average grain size of NBT-BT and NBT-BT-Mn 
grains were approximately 1.54 μm and 1.73 μm, respec-
tively. The densities of the ceramic samples were meas-
ured using Archimedes principle. NBT-BT-0.08 wt%Mn 
piezoceramic material was found to have higher relative 
density with 99% (5949 kg m–3) than NBT-BT ceramics 
which have a relative density of 97% (5848 kg m–3); the 
higher density is an indicator of the reduced porosity of 
NBT-BT-0.08 wt%Mn piezoceramics.

Figure 4(a) and (b) compare the X-ray diffraction 
(XRD, D8 Advanced, Bruker) patterns of the pure 
NBT-BT and NBT-BT-Mn piezoelectric ceramics. Along 
the {200} Bragg reflection of pure NBT-BT ceramic sam-
ple, an intense diffraction peak was encountered near 
2θ  =  46.510°. However, along the pseudocubic {200} 
Bragg reflection of Mn-modified NBT-BT ceramic sam-
ple, the diffraction peaks were found near 2θ = 45.980°, 
2θ = 46.470° and 2θ = 45.610°; these XRD reflections 
(002)T, (200)R and (200)T revealed the coexistence of 
rhombohedral and tetragonal phases in the Mn-NBT-BT 
ceramics.

Energy dispersive X-ray spectroscopy (EDS) was used 
to further confirm the composition distribution in NBT-
BT-Mn and NBT-BT ceramic samples. Figure 5 presents 

Figure 4.  (a) Xrd patterns of nBT-BT and nBT-BT-Mn 
piezoceramics, and (b) fine structure of the (200) peak.

Figure 5. edS elemental map comparison of the nBT-BT-Mn (a) 
and nBT-BT (b), edS map of Mn in Mn-modified nBT-BT ceramic.
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behavior. The ease of polarization switching in NBT-
BT-Mn can be attributed to the smaller domain size 
which in turn facilitates the poling resulting in enhanced 
piezoelectric coefficient.

Additionally, polarization hysteresis (P-E) measure-
ments on the Mn-modified and pure NBT-BT ceramic 
samples were conducted at 1 Hz (Figure 7). Mn modi-
fied NBT-BT sample showed near complete polarization 
switching under E ≤ 50 kV cm–1, whereas the P-E loop of 
the pure NBT-BT sample was not completely saturated 
under E ≤ 50 kV/cm. The results of these P-E loops are 
consistent with the results obtained by the polarization 
switching using the PFM.

3.2. Piezoelectric shear-mode characterization of 
lead-free NBT-BT-Mn ceramics

In order to investigate the shear-mode piezoelectric 
properties, the samples were cut into rectangular bars. 
The silver electrodes were applied on the flat faces nor-
mal to the length of the bars. These bars were poled 

present within the NBT-BT grains. The SEM images of 
the measured areas where the mappings were conducted 
are presented in Figure 3(a) and (b).

Piezoresponse force microscopy (Bruker Dimension 
Icon, Billerica, MA, USA) phase images of the NBT-BT 
and NBT-BT-Mn specimens are illustrated in Figure 6(a) 
and (b). It can be seen from these figures that NBT-
BT-Mn exhibited reduced domain size as compared 
to the NBT-BT specimen. The smaller domain size 
enhances the piezoelectric response of a system.[17] To 
evaluate the domain switching behavior, DC bias was 
applied on the surface of each specimen with –60 V and 
60 V in inner and outer region of the red square (1 μm2 
size) as drawn in Figure 6(c) and 6(d). It was observed 
that the NBT-BT specimen included partially un-switch-
able region in the switched area, which could be attrib-
uted to the domain wall pinning due to the presence of 
the oxygen vacancies and other point defects. Oxygen 
vacancies diffuse into the high stress regions of domain 
walls and clamp the domain wall motion.[18] The NBT-
BT-Mn specimen showed a clear polarization switching 

Figure 6. PfM image comparisons of nBT-BT and nBT-BT-Mn piezoceramics: (a) phase image of nBT-BT-Mn, (b) phase image of nBT-
BT, (c) phase image of nBT-BT-Mn after polarization switching, and (d) phase image of nBT-BT after polarization switching.
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coupling k15 was found to be 0.65 as compared to the 
0.51 for pure NBT-BT. The transverse shear elastic con-
stant, c55, and the piezoelectric shear stress coefficient, e15, 
was found to be 38.34 GN m–2 and 11.6 C m–2 for NBT-
BT-Mn respectively. For NBT-BT, the parameters c55 and 
e15 were found to be 34 GN m–2 and 7.82 C m–2 respec-
tively. It should be noted that the lead-free NBT-BT-Mn 
piezoceramics synthesized in this study was found to 
exhibit almost the same piezoelectric shear stress e15 coef-
ficient as the lead-based PIC 255 (Physik Instrumente, 
Karlsruhe, Germany) commercial piezoceramics.

The shear mode (d15 effect) can be expressed through 
the piezoelectric constitutive equations as: 

 

which can be simplified as: 
 

where σxz and γxz are the transverse shear stress and 
strain; Dz and Ez are the transverse electric displacement 
and field; �T

11
, e15 and c55 are the dielectric constant at con-

stant (free) shear stress, piezoelectric transverse shear 
stress constant and elastic transverse shear constant, 
respectively. The transverse shear force Q∗

z produced 
by the piezoceramic patch (shown in Figure 1) can be 
expressed as: 
 

From Table 1, Equations (2.2) and (2.3), it can be con-
cluded that the lead-free NBT-BT-Mn piezoceramics 
synthesized in this study exhibited almost the same 
transverse shear stress and force as the lead-based com-
mercial PIC 255 piezoceramics. Lead-free NBT-BT-Mn 
piezoceramic material had k15 ~ 0.65 which is similar to 
that of the lead-based PIC 255 piezoceramic material 
with k15 ~ 0.66.

3.3. Evaluation of the rate of twist

To evaluate the rate of twist produced by the lead-free 
piezoceramic d15 torsion transducer, the transverse 
deflections under different applied AC voltages at 10 Hz 
were measured using laser scanning vibrometer. The 
displacement values were averaged by the laser scan-
ning vibrometer software over the measured surface 
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with an applied voltage ranging from 1.45 kV mm–1 to 
1.63 kV mm–1 at room temperature. Next, these elec-
trodes were removed followed by new silver electrodes 
on the large faces for measuring the d15 thickness shear-
mode properties.

The experimental piezoelectric shear strain d15 and 
electromechanical coupling k15 coefficients of the NBT-BT 
and NBT-BT-Mn ceramic samples were determined 
from resonance and anti-resonance frequencies meas-
ured using an impedance analyzer (HP4194A, Hewlett 
Packard, USA), following the Institute of Electrical and 
Electronic Engineers (IEEE) standards.[19–22]

The shear-poled pure NBT-BT piezoceramic sample 
had a dimension of 8.58 × 2.38 × 0.36 mm3, whereas the 
NBT-BT-Mn samples had dimension of 13.77 × 3.60 × 
0.54 mm3. The measured resonance fr and anti-resonance 
frequencies fa of the NBT-BT piezoceramic shear patch 
were 3.5 and 3.9 MHz, respectively. On the other hand, 
fr and fa frequencies of the NBT-BT-Mn piezoceramic 
shear patch were 2.6 and 3.1 MHz, respectively.[23]

Table 1 compares the piezoelectric d15 shear properties 
of the lead-free NBT-BT-Mn, pure NBT-BT, and lead-
based PIC 255 piezoceramics. It can be seen that 0.08 
wt% MnO2 substitution improved the piezoelectric shear 
strain coefficient d15 from 230 pC/N to 305 pC/N. Mn 
addition up to 0.1 wt% improves piezoelectric strain coef-
ficient d33, and electromechanical coupling coefficient 
and dielectric permittivity of BNT-BT ceramics.[16] 
PFM analysis revealed that NBT-BT-Mn had reduced 
domain size as compared to the NBT-BT specimen and 
the smaller domain size strengthens the piezoelectric 
response of a system.[17] The electromechanical shear 

Figure 7.  Polarization hysteresis loops for Mn modified (red 
curve) and pure nBT-BT (black curve) piezoceramics under 
e ≤ 50 kv cm–1.

Table 1. comparison of piezoelectric d15 shear related properties of nBT-BT-Mn ceramics to the pure nBT-BT and lead-based Pic 
255 piezoceramics.

Material d15 (pC/N) k15 (%) d33 (pC/N) k33 (%) k31 (%) c55 (GN m–2) e15 (C m–2)
nBT-BT 230 51 160 49.8 20 34.00 7.82
Pic 255 550 66 400 69 35 22.26 11.90
nBT-BT-Mn 305 65 195 59 28 38.34 11.60
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When the applied electric field is higher than the thresh-
old electric field, the non-180° domain walls start to 
move dynamically and the rate of twist demonstrates 
nonlinearity.[25,26] It is known that d15 shear-mode pie-
zoceramics experience considerably larger piezoelectric 
nonlinearity than that in the d31 mode and the effect of 
increase of vibration amplitude on elastic nonlinearity 
is much smaller.[25,27] Elastic shear c55 constant non-
linearity of d15 shear-mode piezoceramics arises from 
the high stress developed in the material if d15 shear-
mode piezoceramics driven by voltages near resonance 
frequencies,[28,29] and they have small dependence on 
the strain.[27] This type of elastic shear constant non-
linearity may influence the design of ultrasonic devices 
such as ultrasonic motors, which utilize d15 shear-mode 
soft piezoceramics near the resonance frequency excita-
tion; however, piezoelectric d15 shear constant nonline-
arity is the main source of nonlinearity experienced by 
the hard type piezoceramic d15 shear-based actuators 
under the quasi-static excitation frequency.[27,29–32] 
NBT-BT-Mn and NBT-BT piezoceramics are hard type 
piezoceramics.

of the experimental benchmark. Piezoelectric torsion 
actuation measurements conducted over quasi-static 
frequencies up to 20 Hz can be regarded as static.[13] 
In addition, quasi-static torsion actuation has the advan-
tage of exhibiting negligible hysteresis behavior.[13] The 
rate of twist αmax was post-processed from the measured 
transverse deflections using Equation (3): 
 

where umax

z , L and b are the maximum tip transverse 
deflection, the length and half width of the torsion actu-
ator, respectively.

Mathematical formulations of the present bimorph 
d15 torsion transducer are well established.[14,15] The 
mathematical analysis is based on the Saint-Venant tor-
sion theory which is a formulation of the electromechan-
ically coupled problem in terms of a stress function and 
of the electric potential and represents an exact solution 
of the specific three-dimensional problem. In this study, 
these mathematical formulations are effectively used to 
model the rate of twist produced from the samples.[15] 
Here, we provide the results of the mathematical solu-
tions to show the validity of the experiments. In order to 
verify the experimental results, the experimental values 
of the rate of twist were compared to that obtained from 
the Saint-Venant type solutions and three-dimensional 
finite element computations by using the commercial 
code ABAQUS® (Figure 8).

For the FE computations, C3D20E piezoelectric 
quadratic (20 nodes) brick elements were used with 110 
elements along the length, 72 elements along the width, 
and four elements through the thickness, leading to a 
total number of 3960 elements and 185,265 nodes. The 
opposite polarization of two piezoceramic bars form-
ing the actuator is implemented by changing the sign of 
the piezoelectric stress coefficients as negative. For this 
purpose, two different material properties and sections 
were assigned to the two rows of the lead-free piezoce-
ramic torsion actuator. The electromechanical material 
properties applied in the finite element computations for 
the piezoceramic material NBT-BT-Mn are provided in 
supplementary information. All nodes at the top sur-
face of the torsion actuator have zero potential and the 
electric potential at all nodes at the bottom horizontal 
surface is set to the applied potential V.

In order to compute the nonlinear responses, the 
finite element computations and the analytical solutions 
were updated by taking the piezoelectric nonlinearity 
into account.[23] The piezoelectric nonlinearity of d15 
shear-mode piezoceramics is related to the domain wall 
motion. The non-180° domain wall motion enhances the 
piezoelectric shear strain coefficient and is the source of 
nonlinearity.[24–26] The rate of twist shown in Figure 
8 exhibits linear behavior until some threshold electric 
field which corresponds to the potential energy barrier 
of the non-180° domain walls of ferroelectric ceramics. 

(3)�
max =

umax

z

Lb

Figure 8.  comparison of the experimental rate of twist, and 
mathematical and finite element simulations when the 
nonlinearity of shear-mode piezoceramics is ignored (a), or 
included (b) in the computations.



Sci. Technol. Adv. Mater. 18 (2017) 58  P. BERIK et al.

performance (in terms of effective rate of twist values) 
of the lead-free NBT-BT-Mn piezoceramic torsion actu-
ator and the lead-based (PIC 255) piezoceramic torsion 
actuators.[11,13] The effective rate of twist value of 
the lead-free benchmark was 0.08 mm m–1 V–1 under 
quasi-static 150 V drive. On the other hand, the max-
imum effective rate of twist values reported for lead-
based systems as reported in [11] and [13] were 0.014 
and 0.034 mm m–1 V–1, respectively. Thus, the lead-free 
piezoceramic torsion actuator developed in this study 
exhibited relatively higher effective rate of twist values.

4. Conclusions

A lead-free NBT-BT-Mn piezoceramic d15 shear-in-
duced torsion actuator with enhanced stress coupling 
was developed and evaluated in terms of generated rate 
of twist under quasi-static operation condition. In com-
parison to lead-based shear piezoceramics, the lead-free 
NBT-BT-Mn shear-mode piezoceramic material was 
found to exhibit high piezoelectric shear stress coeffi-
cient, electromechanical shear coupling coefficient and 
piezoelectric transverse shear actuation force. As the 
result of PFM analysis, NBT-BT-Mn ceramic material 
was found to exhibit reduced domain size which has an 
enhancing effect on piezoelectric response. Improved 
elastic shear c55 coefficient with enhanced piezoelectric 
shear strain d15 constant resulted in increased piezoe-
lectric shear stress e15 coupling coefficient. The lead-free 
piezoceramic torsion transducer produced higher effec-
tive rate of twist (0.08 mm m–1 V–1). The experimental 
results were verified by Saint-Venant type mathematical 
solutions and three-dimensional finite element compu-
tations. They showed reasonable agreement. This lead-
free piezoceramic torsion actuator can be effectively 
used in preventing and controlling torsional deforma-
tion in helicopter blades, robot arms and flexible space 
structures by taking into account the environmental 
protection requirements.
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The rate of twist for the finite element solution is com-
puted from the vertical displacement Uz values. For this 
purpose, two cross-sections located in the vicinity of 
the axial center of the torsion actuator are taken into 
consideration; namely at X = (L ± ΔX)∕2, and the rate 
of twist is computed as [15]: 

 

The rate of twist values presented in Table 2 show the 
correlation of the experimental rate of twist with the 
analytical solution and the finite element computations 
at an applied voltage of 40, 80 and 150  V. The Saint-
Venant type solutions are in very good agreement with 
the three-dimensional finite element computations and 
their curves overlap (Figure 8). The experimental rate 
of twist values at 40 and 150 V were 3.110 (mm m–1) 
and 11.985 (mm  m–1), respectively. The deviation of 
the experimental results from the nonlinear theoretical 
computations is approximately 17%. Since the transverse 
deflection values obtained from the laser scanning vibro-
meter were averaged over the measured surface area of 
the actuator, the experimental transverse deflection and 
rate of twist values were lower than the theoretical cal-
culations. The stiffness of the clamp of the experimental 
benchmark may have influenced the experiments and 
caused these deviations between the experimental and 
theoretical results. The analytical and finite element 
models are independent from the cantilever bound-
ary condition applied in the experiment. Nevertheless, 
these deviations are quite reasonable and good enough 
to prove the effectiveness of the lead-free piezoceramic 
torsion actuator for application. The first three eigen-
frequencies of the torsion transducer were also deter-
mined by the finite element simulations as 3,211 Hz (first 
transverse x–z bending mode), 10,273 Hz (first torsion 
mode) and 19,680 Hz (second transverse x–z bending 
mode), respectively.

The effective rate of twist for piezoelectric torsion 
actuation was calculated by dividing the rate of twist 
angle by the applied voltage. Table 3 summarizes the 

(4)
�
FE =

Uz

(
X =

L+ΔX

2
, Y = −b, Z = 0

)
− Uz

(
X =

L−ΔX

2
, Y = −b, Z = 0

)

bΔX

Table 3. Performance comparison between nBT-BT-Mn 
piezoceramic torsion transducer and lead-based benchmarks 
reported in [11] and [13] in terms of effective rate of twist.

Evaluation parameter Present work [11] [13]
effective rate of twist (mm m–1 v–1) 0.08 (at 150 v) 0.0142 0.0344

Table 2. rate of twist (mm m–1) comparisons between the experimental results, analytical and finite element computations  
(aBaQUS®).

Applied voltage Experimental (nonlinear) Analytical (linear) ABAQUS® (linear) Analytical (nonlinear) ABAQUS® (nonlinear)
40 v 3.110 3.680 3.638 3.777 3.733
80 v 6.262 7.362 7.276 7.602 7.514
150 v 11.985 13.803 13.643 14.572 14.402
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