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Abstract—Bolted Langevin-style Transducers (BLT) are 

widely adopted in ultrasonic surgical devices. A BLT is normally 

comprised of a stack of piezoelectric Pb(ZrxTi1-x)O3 (PZT) rings. 

Recently, piezoelectric single crystal material Mn-doped 

Pb(In1/2Nb1/2)O3 – Pb(Mg1/3Nb2/3)O3 – PbTiO3 (Mn:PIN-PMN-

PT) has emerged as a potential alternative. Differently from 

PZT, where a trade-off in material properties is necessary, 

Mn:PIN-PMN-PT crystal simultaneously exhibits high 

piezoelectric coefficient, dij, electromechanical coupling 

coefficient, kij, and mechanical quality factor, Qm. As a result of 

the higher efficiency, lower electromechanical losses and higher 

energy density of the piezocrystal material, there is potential for 

designing smaller ultrasonic devices incorporating Mn:PIN-

PMN-PT in BLTs. 

A stepped shape horn with a thin and rounded blade, 

forming a surgical tip, was tuned to its 1st longitudinal mode (L1) 

at around 20 kHz. Equivalent tips were then attached to the two 

BLTs, one incorporating the piezoceramic and one employing 

the piezocrystal material. The full devices were therefore tuned 

to L2 at 20kHz. The two devices were also excited in the L6 mode 

at around 60 kHz to investigate the frequency effect on the 

achievable displacement amplitude at the blade tip. 

Experimental results show that the Mn:PIN-PMN-PT driven 

surgical device achieved higher displacement amplitude for the 

same applied voltage, as a result of the higher power density of 

the piezocrystal material. 

Keywords—Ultrasonic surgical devices, BLT transducer, 

Piezoceramic, Mn:PIN-PMN-PT crystal 

I. INTRODUCTION 

The bolted Langevin-style Transducer (BLT) is a common 
design of power ultrasonic transducers and widely used in 
ultrasonic surgical devices. A BLT comprises a stack of 
piezoelectric rings sandwiched between two end masses [1], 
which are pre-stressed by means of a bolt. The BLT is usually 
tuned to its 1st longitudinal mode (L1) and operates at a 
resonance frequency in the range of 20 -100 kHz , delivering 
an intensity of 10 – 1000 W/cm2 [2]. The piezoelectric rings 
stack are located close to the displacement node to maximise 
the electromechanical coupling coefficient keff [3]. A half 
wavelength horn with a tapered geometry is attached to 
amplify the vibrational displacement. For an ultrasonic 
surgical device, the horn incorporates a cutting insert. For a 

full wavelength configuration of transducer and horn/cutting 
tip, the device will be tuned to the L2 mode.  

There have been many innovations and performance 
advancements of ultrasonic surgical devices since their 
emergence. These include optimisation of the dynamic 
performance by consideration of the number of piezoceramic 
rings in the transducer [4], design of different geometries of 
surgical tips to suit specific procedures [5], [6], and the 
implementation of different vibration modes of surgical tips 
[7], [8]. However, the use of hard piezoceramic material in the 
transducer has remained unchanged. 

Piezoelectric single crystal material, such as Mn-doped 
Pb(In1/2Nb1/2)O3 – Pb(Mg1/3Nb2/3) – PbTiO3 (Mn:PIN-PMN-
PT), has recently emerged as a potential alternative to the 
existing hard piezoceramic material for use in power 
ultrasonic applications, due to its extraordinary material 
properties. Compared to hard piezoceramic material, relaxor-
based piezoelectric single crystal shows simultaneously high 
piezoelectric coefficient dij, electromechanical coupling 
coefficient kij, mechanical quality factor Qm [9], [10], and 
higher energy density. This creates an opportunity to explore 
the potential of using piezocrystal material in the transducers, 
especially for enabling design of smaller ultrasonic surgical 
devices. 

II. ULTRASONICS SURGICAL DEVICES 

 
Fig. 1. (a) Exploded view of the ultrasonic surgical device, (b) 20 kHz full-

wavelength ultrasonic surgical devices embedding PZT and Mn:PIN-

PMN-PT rings 

Fig. 1 (a) presents the structure of a half wavelength BLT, 
incorporating either a pair of hard piezoceramic rings PIC-181 
(PI Ceramic, Lederhose, Germany) or a pair of Mn:PIN-PMN-
PT piezocrystal rings (TRS Technolgies, State College, PA, The research was supported by an EPSRC Programme Grant 

(Ultrasurge – Surgery enabled by Ultrasonics, EP/R045291/1) 



USA). Both sets of rings have dimensions of OD 10 mm, ID 
5 mm, thickness 2 mm. A stepped horn with a thin (0.5 mm 
thickness) and rounded shape blade (Ø4 mm) is attached to 
the transducer via a threaded stud to form a slender shape 
ultrasonic surgical tool. A 1 mm thickness flange is located at 
the step in the horn at a displacement node, to allow for 
attachment to a housing for tissue cutting experiments.  

The manufactured stepped horn is shown in Fig. 1 (b). 
Identical horns are connected to the two BLTs. Due to the 
lower compliance of the Mn:PIN-PMN-PT piezocrystal 
material, the length of this device is approximately 10 mm 
shorter than the PZT actuated surgical device so that they are 
both tuned at the same resonance frequency. The two devices 
vibrate in their L2 modes at around 20 kHz. In this study they 
are also excited in their L6 modes at around 60 kHz, to 
compare the resonance frequency effect on the achievable 
displacement amplitude of the two cutting devices. The 
acoustic power consumption is also considered in order to 
understand the effects of the different energy density of the 
two piezoelectric materials.  

III. RESULTS AND DISCUSSION 

A. Electrical impedance 

The electrical impedance of both surgical tools was 
measured using an impedance analyser (Agilent 4294A, 
Agilent Technologies, CA, USA). A swept signal of 1 V peak-
to-peak over a bandwidth of interest was applied and the 
impedance spectrum was measured. From the impedance 
spectrum data, the effective coupling coefficient keff was 
calculated using equation (1) [11], and the mechanical Q 
factor was also calculated.  
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   (1) 

fr is the resonance frequency and fa is the anti-resonance 
frequency. 

 

Fig. 2. Impedance magnitude and phase characteristics of the two ultrasonic 

surgical devices in the L2 and L6 modes 

Impedance magnitude and phase responses of the two 
ultrasonic surgical devices driven in their L2 and L6 modes 
are presented in Fig. 2, and the extracted parameters are 
summarised in TABLE I.  

 

TABLE I.  PROPERTIES OF TWO SURGICAL DEVICES 

Device                   PZT   

Mode   L2  L6 

f� [Hz]        20446  60876 

f� [Hz]  20493  61058 

Z [Ω at f�]  1275  881 

θ [° at f�]  12  -25 

keff   0.068  0.077 

Q   1216  586 

Device       Mn:PIN-PMN-PT  

Mode   L2  L6 

f� [Hz]        20691  61716 

f� [Hz]  20900  62290 

Z [Ω at f�]  147  40 

θ [° at f�]  27  3 

keff   0.141  0.135 

Q   941  1763 

 Impedance magnitude and phase characteristics of the 
Mn:PIN-PMN-PT device exhibit a wider bandwidth for both 
modes, resulting in a larger coupling coefficient keff. As seen 
in TABLE I, the values are twice as high as for the PZT 
device. The Q factors of both devices for the L2 mode show a 
similar value, of around 1000. However, the PZT device 
exhibits higher damping in the L6 mode, three time higher 
than the Mn:PIN-PMN-PT device. This demonstrates the 
potential of the Mn:PIN-PMN-PT material to achieve a device 
with simultaneously high keff and high Q. The impedance 
magnitude of the PZT device is around a kilo-ohm in both 
modes, ten times higher than for the Mn:PIN-PMN-PT device. 

B. Mode shapes 

The vibration mode shapes of the surgical devices are 
measured using experimental modal analysis (EMA). EMA 
was performed by measuring the frequency response 
functions (FRFs) from a grid of vibration response 
measurement points along an axial line on the surface of the 
devices. From the EMA the modal parameters, resonance 
frequency, damping and mode shape, can be extracted. A 
white noise signal of 10 V was generated by a signal generator 
(Quattro, Data Physics, Santa Clara, CA, USA) and then 
amplified by a power amplifier (QSC RMX 4050HD, Costa 
Mesa, CA, USA), before being supplied to the piezoelectric 
materials. A 3D laser Doppler vibrometer (CLV3000, Polytec 
GmbH, Waldbronn, Germany) was used to measure three 
orthogonal components of the vibration velocity of the grid 
points. Data acquisition and processing software (SignalCalc, 
Data Physics, Santa Clara, CA, USA) was used to calculate 
the FRFs and then to apply curve-fitting functions to calculate 
the magnitude and phase data. Lastly, the FRFs were exported 
to modal analysis software (ME’scopeVES, Vibrant 
Technology Inc., Centennial, CO, USA) to extract the modal 
parameters. 

Fig. 3 shows the extracted vibration mode shapes of the 
two surgical devices in the L2 and L6 modes from FEA 
simulation and EMA experiments. 

 The predicted results and EMA measurements show a 
close agreement with respect to the resonance frequencies, 
position of the displacement nodes and the amplitude gain 
(defined as a ratio of the displacement amplitude at the tip of 
the blade and the end of the back mass).  

 Damping was also calculated from EMA measurements, 
showing a Q factor of 1714 and 1205 for the L2 mode, and 
1478 and 682 for the L6 mode for the PZT device and 



 
Fig. 3. Extracted vibration mode shapes from FEA and EMA: (a) PZT 

device, (b) Mn:PIN-PMN-PT device 

Mn:PIN-PMN-PT device, respectively. The Q values from 
EMA are 20-30% higher than those estimated from impedance 
measurements for the L2 mode. However, in the L6 mode one 
Q value is much higher and the other much lower. This 
supports other studies that show that estimation of Q is very 
affected by the type of measurement and excitation level [4].  

C. Vibration response 

To compare the dynamic behaviours of the two devices, 
they were excited via a frequency sweep through a range from 
below to above the resonance frequency, using a burst sine 
signal generated from a signal generator (Agilent 33210A, 
Agilent Technologies, USA) and amplified by a power 
amplifier (HFVA-62, Foneng Technology Industry Co., 
China). The longitudinal vibration response was measured 
using a 1D laser Doppler vibrometer (OFV 303, Polytec 
GmbH, Germany) at the tip of the blade. To minimise heating, 
each burst sine signal had a fixed 6000 oscillation cycles, and 
2 s between sequential bursts. Vibration response data were 

captured with a 5 Hz resolution, and the applied voltage was 
stepped from 1 V, then in increments of 10 Vrms up to a 
voltage that developed no further amplitude.  

 
Fig. 4. Vibration characteristics of the ultrasonic surgical devices driven in 

the L2 and L6 modes 

The displacement amplitude-frequency responses of the 
devices excited in L2 and L6 modes are presented in Fig. 4. 

The maximal displacement amplitude is slightly over 40 
µm in the L2 mode and around 3.5 µm in the L6 mode for both 
devices, which however, are achieved at different applied 
voltage levels. A very weak softening nonlinear responses is 
observed in all the responses [12], with the Mn:PIN-PMN-PT 
device showing a slightly larger reduction in resonance 
frequencies for increasing excitation. This is partly due to the 
practical difficulty in aligning the orientation of Mn:PIN-
PMN-PT rings in the device correctly, due to the complex 
thickness vibration mode shape compared to the more uniform 
thickness mode shape of the PZT rings [13]. This introduces a 
small piezoelectric loss at the higher excitations. 

 
Fig. 5. Vibration characteristics of the ultrasonic surgical devices in the L2 

and L6 modes 

To further interrogate the data from Fig. 4, the maximal 
recorded amplitude at the tip of the blade and the resonance 



frequency shifts at each excitation level are calculated and 
plotted in Fig. 5. 

For the same applied voltage, the Mn:PIN-PMN-PT 
device achieved a higher displacement amplitude at the blade 
tip than the PZT device. However, saturation was reached at 
60 V for the PZT device and 50 V for Mn:PIN-PMN-PT 
device in the L2 mode, and 40 V and 20 V in the L6 mode, 
which was due to the intrinsic difference in the impedance 
magnitude and piezoelectric properties of the two materials. 
Considering the gain values (7 to 8 in Fig. 3), a larger 
displacement amplitude was expected at the blade tip in the 
L2 mode. However, the displacement amplitude was limited 
by the small number of piezoelectric rings [4]. This also meant 
that in the L6 mode the displacement amplitude was only 3 to 
4 µm. 

 In terms of the resonance frequencies, the PZT device 
presents almost no change in the L2 mode as opposed to a 60 
Hz frequency shift for the Mn:PIN-PMN-PT device. In the L6 
mode, Mn:PIN-PMN-PT device has developed a 40 Hz 
frequency shift at 20 V, where the value is slightly under 30 
Hz at a 40 V for the PZT device. 

 

Fig. 6. Power density at different excitation levels for two devices in the L2 

and L6 modes 

 To understand the active power transfer per unit volume 
of PZT and Mn:PIN-PMN-PT material, power density at 
different excitation levels for both surgical devices in the L2 
and L6 modes was calculated using equation (2),: 

P� =
�� ��� �

�
   (2) 

Pd is the power density, U is the amplitude of voltage, I is 
the amplitude of current, θ is the phase angle between voltage 
and current, and V is the volume of one pair of piezoelectric 
rings (2.356 × 10

��
 m

"). Results are shown in Fig. 6.  

For both devices, the power density in the L2 mode is 
higher than L6 mode, and the Mn:PIN-PMN-PT device has a 
higher power density than the PZT device. This contributes to 
the higher displacement amplitude achieved at the same 
excitation voltage level for the Mn:PIN-PMN-PT device in 
Fig. 5. 

IV. CONCLUSION AND FUTURE WORK 

Two identical stepped horns with a thin and rounded blade, 
tuned to the 1st longitudinal mode (L1) at around 20 kHz, were 
manufactured and then attached to two BLTs, one 
incorporating a hard PZT and the other Mn:PIN-PMN-PT 
piezoelectric materials. The two BLTs are tuned to the same 
resonance frequency as the horn to constitute two slender 
ultrasonic surgical devices tuned to their L2 mode. 

Preliminary results show that the Mn:PIN-PMN-PT 
device presents a simultaneously high Q and high keff 

compared to the hard PZT device in the L2 mode, resulting in 
a higher displacement amplitude at the tip of the blade at the 
same input voltage. However, the Mn:PIN-PMN-PT device 
presents a slightly larger resonance frequency decrease for 
increasing excitation, due to the misalignment of the 
orientation of the Mn:PIN-PMN-PT rings in the thickness 
mode, which presents a more complex shape than the more 
uniform thickness mode of the PZT rings. Displacement 
amplitude in the L6 mode for both devices is very low, which 
is due to the small number of piezoelectric rings in the 
structure. The power density demonstrates that the Mn:PIN-
PMN-PT device has consumed higher power at the same 
voltage than the PZT device, due to the lower impedance and 
higher power density of the Mn:PIN-PMN-PT material. 
Tissue cutting experiments will be conducted to evaluate the 
performance of these two ultrasonic surgical devices. 
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