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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, as it simultaneously 

exhibits high piezoelectric coefficient, dij, electromechanical 

coupling coefficient, kij, and mechanical quality factor, Qm. 

A stepped shape horn with a thin and rounded blade is 

attached to two BLTs, one incorporating piezoceramic and one 

incorporating piezocrystal material. The full devices were tuned 

to L2 at 20 kHz. Ex-vivo tissue cutting experimental results show 

that the Mn:PIN-PMN-PT driven surgical device has consumed 

more power and has successfully penetrated through the bone. 

However, the impedance matched PZT device has lost stability 

as the penetration progressed. This distinction is ascribed to the 

higher power density of the piezocrystal material.  

Keywords—Ultrasonic surgical devices, Piezoceramic, 

Mn:PIN-PMN-PT crystal, Ex-vivo tissue cutting 

I. INTRODUCTION 

Ultrasonic surgical tools based on the conventional 
sandwiched configuration of piezoelectric material is 
commonly used in various industrial and medical processes. 
In this configuration, the transducer is comprised of a stack of 
piezoelectric rings, sandwiched between two end masses, 
which are pre-stressed by means of a bolt [1]. The structure is 
also widely known as Bolted Langevin Transducers (BLT).  

Traditionally, an even number pairs of Pb(ZrxTi1-x)O3 
(PZT) rings are used in the BLTs to function as the ultrasonic 
vibration exciters. However, the properties of piezoceramic 
are often highly dependent on the operating conditions, 
including temperature, electrical field strength, static pre-
stress, dynamic stress, number of load cycles and time. These 
conditions can interact with each other, and the effects of these 
conditions are often nonlinear. 

Since firstly reported in 1990 [2], Piezoelectric single 
crystals, and particularly Mn-doped Pb(In1/2Nb1/2)O3 – 
Pb(Mg1/3Nb2/3) – PbTiO3 (Mn:PIN-PMN-PT), have shown 
potential for incorporating in high power ultrasonic 
applications, due to their simultaneously high piezoelectric 
coefficient (dij > 2000 pC/N), electromechanical coupling 

coefficient (kij ~ 0.9), and mechanical quality factor (Qm ~ 
1000) [3], [4], and higher energy density. This creates an 
opportunity to incorporate piezocrystal material in the design 
of transducers, towards the realization of miniature ultrasonic 
surgical devices. This work presents the comparison of ex-
vivo tissue cutting performance using two BLT devices, 
incorporating Mn:PIN-PMN-PT and hard PZT materials. 

II. ULTRASONICS SURGICAL DEVICES 

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

wavelength ultrasonic surgical devices incorporating a pair of PIC181 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, 
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 connection to an established 
cutting test rig 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 PIC-181 actuated surgical device so that they 
are both tuned to the same resonance frequency at around 20 
kHz in their L2 modes. Characterisation of these two 
ultrasonic surgical devices have been be described in details 
in [5]. The research was supported by an EPSRC Programme Grant 

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



III. EXPERIMENTAL SETUP 

A. Cutting test rig 

 
Fig. 2. CAD model and experimental setup of the cutting test rig, showing 

the components of the system 

Fig. 2 shows the design and established setup for tissue 
cutting experiments.  

The ultrasonic surgical tool is fixed onto the cross-beams 
via a Kistler force sensor (9321b, Winterthur, Switzerland), to 
measure the cutting force. A stepper motor driven linear 
actuator (GLA750-STEP-20-3-285-390, Gimson Robotics 
Ltd, Bristol, UK) with a stroke length of 285 mm is mounted 
between the optics table and the cross beams to drive the 
ultrasonic surgical tool into the tissue. A sawbone/tissue 
sample is clamped firmly in a vice directly underneath the 
cutting blade. A Piezodrive (PDUS210 FLEX, Shortland, 
Australia) apparatus is employed to maintain the displacement 
amplitude of the blade during tissue cutting. To monitor the 
cutting temperature, a thermal camera (TIM 160, Micro-
Epsilon, Ortenburg, Hessen, Germany) is deployed at a 
distance from the cutting site, focusing on the tip of the blade. 
A motion control system is designed and used to drive the 
ultrasonic surgical tool at a constant velocity (feed rate), 
which is precisely controlled by the stepped motor mechanism 
in the linear actuator. 

The cross-beams which the ultrasonic surgical tools are 
attached to can be moved in a pure vertical direction with the 
support of four linear rails and four embeded needle bearings. 
This mechanism ensures that the lateral motion of the surgical 
tool is minimized. The decoupled arrangement of the linear 
actuator and surgical tool has improved the accuracy of the 
force measurement, as friction between the bearings and shafts 
will not be detected by the force sensor.  

B. Ultrasonic resonance tracking 

To maintain the displacement amplitude of the blade 
during cutting, a resonance tracking unit Piezodrive is used. 
Current control is employed as which is approximately 
proportional to the amplitude of the blade. The series 
resonance is tracked to cope with inhomogeneous material 
properties of the bone. Depending on the impedance of the 
ultrasonic surgical tool, different transformers can be selected 
which ensures the tool is operated at the maximal efficiency. 
Resonance frequency, impedance and ultrasonic power of the 
ultrasonic surgical tools are monitored and recorded in real 
time.  

The design of the Piezodrive apparatus includes a positive 
feedback control loop which locks the phase between the 
transducer current and driving voltage; a negative feedback 
control loop which constantly regulates the driving voltage to 
compensate for the energy dissipation from the blade to the 
tissue. This control strategy is known as ‘autoresonance’ [6].  

C. Impedance matching 

 
Fig. 3. (a) BVD model at resonance, and (b) simplified equivalent circuit at 

resonance with an LC matching network configuration 

To optimize the energy transmission efficiency, it is 
crucial to match the output impedance of the selected 
transformer of the Piezodrive to the impedance of the 
ultrasonic surgical tool. A matching circuit is designed by 
modeling the transducer as an electrical circuit at its series 
resonance. The most commonly used circuit is Butterworth–
Van Dyke (BVD) model [7], shown in Fig. 3 (a). RSE 
represents the radiation and mechanical losses of the 
transducer. The motion capacitance and inductance, CSE and 
LSE respectively, model the resonance performance of the 
transducer, and C0 stands for the clamping capacitance of the 
transducer.  

Fig. 3 (b) shows the simplified equivalent circuit of the 
ultrasonic surgical tool excited by Piezodrive through a LC 
configured matching network. VE represents Piezodrive, RE is 
the resistance of the transformer of Piezodrive, and Lm and Cm 
are the inductance and capacitance of the matching network, 
respectively.  

IV. RESULTS AND DISCUSSION 

A. Electromechanical characteristics 

 
Fig. 4. (a) Electrical impedance of the ultrasonic surgical tools and their 

electrical parameters, and (b) amplitude-current characteristics measured at 

the blade of the ultrasonic surgical tools 

Impedance spectrum of the ultrasonic surgical devices is 
measured with an impedance analyser (Agilent 4294A, 
Agilent Technologies, CA, USA), and results are shown in 
Fig. 4 (a).  

Impedance curve of the Mn:PIN-PMN-PT device exhibit 
a wider bandwidth, resulting in a larger coupling coefficient 
keff (0.14), which is twice as high as for the PZT device (0.07). 
The Q factors of both devices show a similar value, of around 
1000. The impedance magnitude of the PZT device, which is 
the most important parameter for resonance tracking, is almost 



ten times higher than for the Mn:PIN-PMN-PT device (1275 
Ω and 147 Ω, respectively). So, an electrical impedance 
matching network established based on the principle shown in 
Fig. 3 has been implemented for the PZT device, making sure 
both devices are excited with the same transformer of 
Piezodrive FLEX apparatus, to achieve a similar efficiency. 

Fig. 4 (b) shows the displacement amplitude measured at 
the tip of the blade with a 1D laser Doppler vibrometer (OFV 
303, Polytec GmbH, Germany), as a function of current.  

 Both devices have demonstrated a linear trend and 
comparable level of displacement amplitudes of the blade: 
increasing from 0.05 A to 0.2 A has resulted in a growth in 
amplitude from 20 µm to over 65 µm peak to peak. This 
verifies the efficacy of the established impedance matching 
network for the PZT device. 

Now that both devices have been fully characterised, the 
ex-vivo tissue cutting experiments can be proceeded. Chicken 
femur was selected as the tissue material due to its low cost, 
easy access, and moderate compressive strength, so that the 
thin cutting blade can be protected. After a few exploratory 
attempts, a 2.5 mm target depth was chosen, ensuring the 
blade will penetrate through the cortical layer, and the rounded 
blade tip will be fully engaged with the bone. Two feed rates 
namely 0.01 mm/s and 0.025 mm/s were used. Current values 
were calculated from the results in Fig. 4 (b), to aim for a 60 
µm peak to peak amplitude at the blade for both devices. 

To examine the cutting capability of the two devices, 
experiments were designed in a way that the surgical tools 
were driven downwards into the chicken femur at a constant 
speed (feed rate), and any reverse motion was prevented. 
During cutting process, parameters such as force, temperature, 
impedance, and ultrasonic power were recorded.  

B. Cutting force and temperature 

 
Fig. 5. (a) Force-time characteristics and (b) Temperature-time 

characteristics of the matched PZT device, and (c) Force-time characteristics 

and (b) Temperature-time characteristics of the Mn:PIN-PMN-PT device 

during ex-vivo chicken femur cutting experiments at 0.01 mm/s and 0.025 
mm/s feed rates, and 60 um p-p displacement amplitude 

Fig. 5 presents the cutting force and temperature of the 
blade for both devices. 

The cutting force of the Mn:PIN-PMN-PT device has 
shown a less than 5 N value, except for the 0.01 mm/s feed 
rate at a larger depth (beyond 100 s). As a comparison, the 

matched PZT device has exhibited a high force of over 15 N, 
and it can be observed that the device has quickly lost the 
stability when operated at 0.025 mm/s feed rate (less than 20 
s), which is associated with a soaring force.  

Temperature is another indicator of the matched PZT 
device was unable to cope with the load when the blade was 
engaged deeper with the bone. The temperature value has not 
exceeded 80°C for both feed rates for the PZT device, whereas 
the temperature of the Mn:PIN-PMN-PT device has shown a 
value of over 150°C. This rapid increase in temperature is due 
to the high frequency separation and engagement between the 
blade and bone, as well as the friction, which is an evidence 
of the existence of the strong vibro-impact response [8].  

C. Impedance and ultrasonic power 

 
Fig. 6. (a) Impedance-time characteristics and (b) Power-time 

characteristics of the matched PZT device, and (c) Impedance-time 

characteristics and (b) Power-time characteristics of the Mn:PIN-PMN-PT 

device during ex-vivo chicken femur cutting experiments at 0.01 mm/s and 
0.025 mm/s feed rates, and 60 um p-p displacement amplitude 

With respect to the change in the electrical parameters, 
impedance of the PZT device has stabilised at 43 s and 17 s 
for both feed rates, registering a slightly under 500 Ω 
magnitude, and the ultrasonic power has decreased from 4 W 
to 2.5 W. This indirectly suggests that blade was permanently 
engaged with the bone.  

Impedance magnitude of the Mn:PIN-PMN-PT device 
shows a static value around 400 Ω, until 120 s and 45 s for the 
0.01 mm/s and 0.025 mm/s feed rates. Fluctuation then 
occurred with impedance magnitude increasing to around 
1000 Ω. However, the power consumption has also increased 
from 5 W to almost 15 W along with the increased penetration 
depth, indicating the device has drawn more power from 
Piezodrive to adapt for the change in the load (bone).  

D. Dissected bone sample 

 
Fig. 7. Dissected chicken femur samples with PZT and Mn:PIN-PMN-PT 

devices at 0.01 mm/s and 0.025 mm/s feed rates, and 60 um p-p displacement 
amplitude 



The dissected chicken femur samples using both ultrasonic 
surgical tools are presented in Fig. 7. 

The incisions created by the Mn:PIN-PMN-PT device 
show significantly greater depth of penetration for both feed 
rates, as opposed to the cuts made by the PZT device, which 
merely produced indentations. In fact, the PZT device cutting 
event had to be stopped during experiments to prevent further 
non-ultrasonic penetration which could potentially damage 
the blade.  

V. CONCLUSION 

Ex-vivo tissue cutting experiments were performed using 
two BLT devices incorporating Mn:PIN-PMN-PT and hard 
PZT materials, which were tuned to their L2 modes at around 
20 kHz. A cutting test rig was designed and established to 
facilitate the cutting experiments.  

Experimental results show that the Mn:PIN-PMN-PT 
device has presented a higher cutting stability despite the 
increase in the penetration depth and the change in loading 
condition. During cutting, the Mn:PIN-PMN-PT device has 
drawn more power from the ultrasonic resonance tracking unit 
and has successfully achieved a full 2.5 mm target depth 
through the cortical layer of the chicken femur. As a 
comparison, the cutting progress of the impedance matched 
PZT device had to be stopped to avoid breakage of the blade, 
as seizure was observed between the blade and tissue. The 
scientific findings from this study has provided knowledge for 
the incorporation of Mn:PIN-PMN-PT crystal material in the 
design of miniature ultrasonic surgical tools for minimally 
invasive surgeries.  
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