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ABSTRACT 

Ultrasound guidance of needle-based regional anaesthesia and tissue biopsy is widely 

used in clinical practice. Ultrasound imaging has improved the efficacy and reduced 

some side effects during regional nerve block. However, the presentation and 

interpretation of real-time ultrasound guided needle interventions remains inaccurate 

and unreliable. Poor visibility occurs especially when using a thin needle, inserting to a 

deep location and at a steep angle. Inaccurate needle placement increases the risk of 

adverse results, such as inadequate anaesthesia, internal bleeding and nerve damage 

during regional anaesthesia and mis-sampling and misdiagnosis during cancer biopsy. 

Therefore, the aim of the work here is to design and develop a needle actuation 

transducer using high performance piezoelectric single crystal, capable of activating a 

standard, unmodified surgical needle, so that the visibility of needle can be enhanced 

under colour Doppler ultrasound imaging. 

 

Characterization of single crystals was first carried out to obtain the full elasto-electric 

matrix under ambient conditions and to determine the change in material behaviour 

when subject to a range of temperature and pressure. Using the data obtained and from 

the literature, finite element analysis was carried out to design the needle actuation 

transducer. Both piezoceramic and piezocrystal were used for transducer fabrication in 

order to investigate whether the benefits in material properties can be translated into 

improvements in transducer performance. Small and large signal characterization was 

performed on the fabricated transducers for performance comparison. Preliminary 

imaging tests were then carried out to investigate factors affecting the needle visibility, 

including the insertion angle, depth and drive voltage. Further, the needle tip accuracy 

of the ultrasound actuated needle under colour Doppler guidance was determined by 

comparing colour Doppler measurement with photographic measurement and B-Mode 

ultrasound. 

 

The material characterization results show that pressure in excess of 20MPa has a 

detrimental effect on the performance of single crystals. Relatively little or no 

advantage was observed from Mn-doping with respect to immunity to the pressure. The 

design of the d31-mode needle actuation transducer eliminates prestress in the mass-
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spring configuration and its feasibility was verified by fabrication followed by 

characterization. Enhanced transducer performance was observed using single crystals, 

showing the benefits of piezocrystal over traditional piezoceramic in such actuator 

applications. Preliminary tests show that the needle tip accuracy in gelatine phantom 

was -0.59 ± 0.38mm at 30° insertion angle, -0.58 ± 0.44mm at 45° and -0.32 ± 0.32mm 

at 60°. Bland Altman bias (95% limits of agreement) between B mode and colour 

Doppler imaging was -0.16mm (-1.94mm to 1.61mm). The results demonstrate the 

accuracy possible with this technology and potential for application to cancer biopsy 

and ultrasound guided regional anaesthesia. Further studies are warranted investigating 

the accuracy and reliability of this device in animal and cadaver tissue. 
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Chapter 1. INTRODUCTION 

Accurate needle insertion in inhomogeneous soft tissue is crucial for the safety and 

effectiveness of minimally invasive needle-based percutaneous procedures, such as 

regional anaesthesia, biopsy, blood sampling, drug delivery and brachytherapy. The 

introduction of ultrasound imaging to assist needle location and guidance has 

significantly reduced the difficulty and improved success rate (Abdallah, Macfarlane et 

al. 2015). Because the procedure can be observed with both anatomical structure and the 

advancing needle visualized, consequently, increasing the placement accuracy. Tissue 

trauma and patient discomfort is also reduced (Smith, Hurdle et al. 2006). 

 

Nevertheless, in routine practice, the needle visualization can be quite poor under 

ultrasound especially when using a thin needle, inserting to a deep location and at a 

steep angle (Hebard and Hocking 2011). Further, the interaction between the needle and 

tissue during insertion can cause needle deflection and tissue deformation. Poor  needle 

visualization together with deflection of the needle are considered as two critical 

reasons for the final failure of accurate needle placement, and consequently may give 

rise to unfavourable outcomes, such as internal bleeding, nerve damage and inefficiency 

in the case of regional anaesthesia, and for tissue biopsies, discomfort, pain, mis-

sampling and subsequent potential misdiagnosis. 

 

Much research has been undertaken in order to improve the visualization of the needle, 

and has resulted in smart manipulation strategies, innovative needle designs and 

development of new imaging techniques. The combined utilization of colour Doppler 

imaging and a vibrating needle showed some promises (Feld, Needleman et al. 1997), 

and a prototype of ultrasound actuated needle device was designed and tested in Dundee 

(Sadiq 2013). It displayed some potential advantages in needle visualization. However, 

the reliability of this technique in use remained to be proved. More specifically, the 

factors affecting the needle visibility and the localization accuracy of needle tip haven’t 

been investigated.  

 

In addition, the needle actuation transducer as developed, based on the mass-spring 

configuration, was big and clumsy and complicated to manufacture. A smaller, simpler 
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lightweight device with high performance would be preferred in the medical industry. In 

the past three decades, relaxor-PT ferroelectric single crystals have emerged as 

promising piezoelectric materials for a range of applications including high power and 

actuators applications, due to their extraordinary piezoelectric coefficients (e.g. d33 > 

2000 pC/N) and electromechanical coupling factor (e.g. k33 > 90%). These are much 

higher than commercial piezoelectric ceramic PZT (e.g. d33 > 300 pC/N; k33 > 70%) 

(Zhang, Luo et al. 2006). Although the potential benefits of these piezocrystals have 

been reported (Sun, Zhang et al. 2013), the findings have not been effectively related to 

practical transducer and actuator design. Hence, a novel design of transducer 

incorporating these single crystals was studied with the aim of simplifying the 

fabrication and reducing the physical dimensions of a high performance needle actuator 

in this thesis. 

 

1.1. Aim and Objectives 

The fundamental aim of this research was to design and develop a prototype needle 

actuation transducer using high performance single crystal, capable of activating a 

standard, unmodified surgical needle, so that the visibility of needle can be enhanced 

under colour Doppler ultrasound imaging. The work starts with the characterization of 

the single crystal, then continues with the design of actuation transducer, and finally 

presents test results using the fabricated transducer. Regional anaesthesia and biopsy 

were chosen as the two initial primary applications for the device, but with the intention 

of application to other needle-based percutaneous procedures in the future. 

 

The following specific objectives were set: 

1. To investigate the behaviour of piezocrystals under high temperatures and 

pressures found in practice to assess the feasibility of these in high power and 

actuator applications; 

 

2. To design a variation of the needle actuation transducer utilizing the d31-mode of 

piezoceramic and piezocrystal; 

 

3. To investigate whether the major improvements in material properties can be 

translated into improvements in transducer performance through comparing the 
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performance of transducers with the same configuration but different 

piezoelectric material; 

 

4. To investigate the influence on needle visibility of insertion angle, depth and 

drive voltage; 

 

5. To evaluate the needle tip accuracy under colour Doppler imaging. 

 

1.2. Contribution to knowledge 

Realization of the primary aim to utilize the high performance single crystal 

piezoelectric material in the ultrasound transducer to actuate a standard surgical needle 

provides a potential practical solution for poor needle visibility in percutaneous 

procedures under ultrasound guidance. The more general investigation of behaviour of 

the piezoelectric materials under practical conditions contributes to the future use of 

piezoelectric materials and improvement in efficiency in performance and ergonomics 

of ultrasound devices. The research reported here will be useful to a wide audience, 

including material scientists, transducer designers and clinical engineers to the ultimate 

benefit of clinical interventionists and ultimately patients.  

 

 Application-oriented characterization was performed to determine the variation 

of material behaviour when the high performance single crystals were subject to 

a range of temperature and pressure. 

 

 A novel design of needle actuation transducer utilizing the d31-mode of 

piezoelectric material was achieved using finite element method.  

 

 The feasibility of the designed transducer was verified though fabrication and 

characterization of the needle actuation transducer.  

 

 Enhanced transducer performance was observed using single crystals, compared 

with the ones made of traditional piezoceramic. 

 

 The localization accuracy of ultrasound actuated needle under colour Doppler 
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imaging was determined. 

 

 Effects of insertion angle, depth and drive voltage on needle visibility were 

investigated. 

 

1.3. Content of thesis 

Chapter 2 reviews the background literature relating to the research work in three 

aspects. Firstly, the background knowledge about needle-based percutaneous procedure 

highlighting the advantage of ultrasound imaging during the procedure as well as 

current challenges faced by the clinicians and interventionists are introduced. 

Subsequently, the existing technologies in the field along with their limitations are 

reported. Then, the medical applications of high power ultrasonics are introduced and 

power ultrasonic transducers are described in detail, focusing on the design and 

characterization of such transducers. 

 

Chapter 3 details the characterization of high performance single crystals. The 

fundamental properties of piezoelectric materials are first described, followed by the full 

property matrix characterization of PIN-PMN-PT and Mn:PIN-PMN-PT. To gain 

understanding of the performance variation under pressure and temperature, three 

generations of piezocrystals, PMN-PT, PIN-PMN-PT and Mn-PIN-PMN-PT were 

characterized under environmentally elevated temperature and uniaxial pressure 

conditions, up to 180°C and 60 MPa respectively, both separately and simultaneously, 

with commercially available equipment operated with customized software. The 

variation of key material parameters are then calculated and compared between the three 

generations. 

 

Chapter 4 details the development of a d31-mode needle actuation transducer from 

simulation to fabrication and demonstration. The design considerations are firstly set 

out. The transducer configuration is then developed using finite element analysis. 

Prototyping was performed with both piezoceramic and piezocrystal incorporated 

within the same overall design, the former based on PZT4 and the latter based on 

Generation I PMN-PT and Generation III Mn:PIN-PMN-PT. Small and large signal 

characterization was performed on the fabricated transducers and specific properties 
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including electrical impedance, resonance frequencies, effective electromechanical 

coupling coefficients, quality factor and output displacement were determined. 

 

Chapter 5 investigates the factors affecting the needle visibility and evaluates the needle 

tip accuracy under colour Doppler guidance. Various factors, including the insertion 

angle, depth and drive voltage were investigated to understand their influence on needle 

visibility. The needle tip accuracy of ultrasound actuated needle under colour Doppler 

guidance was measured by comparing the photographic measurement with the Doppler 

measurement and the degree of agreement between B mode and colour Doppler mode 

was determined. Finally, needle tip response to needle-target contact was assessed in 

both phantom and tissue. 

 

Chapter 6 summarizes the overall findings and offers suggestions for future work. 

 

Further relevant information, including engineering drawings, can be found in the 

Appendices. 

 

1.4. Publications arising from this work 

The following lists the publications of Mr. Tingyi Jiang arising from the research work 

here reported. 

 

Peer-reviewed papers 

Liao, Xiaochun, Zhen Qiu, Tingyi Jiang, Muhammad R. Sadiq, Zhihong Huang, 

Christine EM Demore, and Sandy Cochran. "Functional piezocrystal characterisation 

under varying conditions" Materials 8, no. 12 (2015): 8304-8326. 

 

Jiang, Tingyi, Chunming Xia, Sandy Cochran, Zhihong Huang. “Improved 

performance of d31-mode needle-actuating transducer with PMN-PT piezocrystal” IEEE 

Transactions on Ultrasonics, Ferroelectrics, and Frequency Control (submitted) 

 

Jiang, Tingyi, Graeme McLeod, George Corner, Zhihong Huang. “Localization 

Accuracy of Ultrasound Actuated Needle with Colour Doppler Imaging” Ultrasound in 

Medicine and Biology (submitted) 
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Conference papers 

Jiang, Tingyi, Chunming Xia, Sandy Cochran, Zhihong Huang. "Comparison of needle 

actuation transducers working in the d31 and d33 modes" Proc.  IEEE International 

Ultrasonics Symposium (IUS), 2016 
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of piezocrystals under elevated environmental conditions." In Applications of 
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"Functional characterization of piezocrystals monitored under high power driving 

conditions." Proc.  IEEE International Ultrasonics Symposium (IUS), 2015 

 

Oral presentations 
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Chapter 2. TECHNICAL BACKGROUND 

This chapter provides an overview of the technical background relating to this research 

work. Section 2.1 introduces the needle-based percutaneous procedure, highlighting the 

advantages of introducing ultrasound imaging during the procedure and the current 

challenges faced by the clinicians. Section 2.2 reports the existing technologies in the 

field along with their limitations. Section 2.3 introduces the medical applications of 

high power ultrasonics and describes the power ultrasonic transducers in detail, 

focusing on the design and characterization of such transducers.  

2.1. Percutaneous Needle Procedures for Diagnosis and Therapies  

Percutaneous needle insertion is one of the most common procedures in medicine and is 

widely utilized in many modern clinical practices, both diagnosis and local therapies 

(Iwase, Takahashi et al. 2006; Abdallah, Macfarlane et al. 2015). Percutaneous 

procedure is to gain access to inner organs or tissue via penetration through the skin, 

involving thin tube-shaped objects like needles, catheters or tissue ablation probes 

(Abolhassani, Patel et al. 2007). For needle-based percutaneous procedures, there are 

several main applications, including regional anaesthesia (Griffin and Nicholls 2010), 

biopsy (Gupta 2004), blood sampling (Zivanovic and Davies 2000), drug delivery and 

brachytherapy (Wei, Wan et al. 2004). 

Regional anaesthesia is a procedure that causes the absence of sensation in a particular 

area of body by injecting anaesthetic, rather than making patients totally unconscious 

(general anaesthesia). Regional anaesthesia has the advantage of site specific, high-

quality pain relief and relatively less side effect (McLeod, McCartney et al. 2012). It has 

many different forms, including infiltrative anaesthesia, peripheral nerve block, 

intravenous regional anaesthesia, epidural anaesthesia (Marhofer, Greher et al. 2005). 

Figure 2.1 presents two examples of regional anaesthesia. 
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(a) (b) 

Figure 2.1 Regional anaesthesia procedures：(a) spinal anaesthesia (Metroanaes 2017) and (b) upper limb 

peripheral nerve block (Thechelmsford 2017) 

 

Biopsy is used to determine the presence or extent of a disease by examining the sample 

cells or tissues extracted by needles. This procedure is performed by a surgeon, 

interventional radiologist or interventional cardiologist, and the specimens will be 

examined by a pathologist under microscope once extracted (Haneke 2015). According 

to different diagnosis sites, biopsies can be divided into many types, for instance, liver, 

chest, renal, thyroid or prostate biopsy (Beluffi 2013). Figure 2.2 shows the diagram of 

a breast biopsy and an ultrasound guided thyroid biopsy. 

  

(a) (b) 

Figure 2.2 Needle biopsy procedures: (a) breast biopsy (Anon, 2017) and (b) ultrasound guided thyroid 

biopsy (Mayo Clinic, 2017) 

 

Regional anaesthesia and biopsy procedures are challenging as they mainly depend on 
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the experience of the surgeon (McLeod, McCartney et al. 2012; Haneke 2015). 

However, the accuracy of needle insertion will significantly influence the effectiveness 

of a treatment or the success of a diagnosis (Harvey, Moran et al. 2000). Although there 

is no established clinical standard for the accuracy of needle insertion, generally, less 

needle misplacement during insertions gives better results, i.e. more effective treatment 

or more precise diagnosis (Smith, Rosenfield Darling et al. 2001). In clinical practice, 

the required accuracy of needle intervention varies for different applications. For 

example, the desired performance in some common needle procedures, such as biopsies 

for prostate, kidney, breast and liver, is in millimetre level, while in brain, foetus, eye 

and ear, placement accuracy of micro-millimetres is desirable (Abolhassani, Patel et al. 

2007).  

2.1.1. Ultrasound Guided Percutaneous Needle Procedures 

In recent years, ultrasound imaging has been recognized and introduced as a useful tool 

to assist needle interventional procedures. The introduction of ultrasound imaging 

distinctly reduces the difficulty and improves the success rate of the percutaneous 

procedures (Abdallah, Macfarlane et al. 2015). With both the anatomical structure and 

the needle visualized, the surgeon or the anaesthetist is able to advance the needle to the 

target position with high precision rather than just depending on experience (Rha, Im et 

al. 2010). It greatly increases the accuracy ratio of needle insertion. In a study, an 

accuracy rate of ultrasound guided needle insertion in lower limb muscles is as high as 

96.9% compared with that of blind (non-guided) needle insertion being 71.9% (Yun, 

Chung et al. 2015). The blind needle insertion relies on the superficial anatomical 

landmark, which may disappear due to surgery or trauma. Ultrasound guided needle 

insertion depends on the visualization of inner anatomical structure. Therefore, the 

reliability of needle insertion is apparently higher than the blind insertion (Boon, 

Oney‐Marlow et al. 2011). Furthermore, the insertion is more specific and thus can 

reduce tissue trauma as well as patient discomfort (Smith, Hurdle et al. 2006).  

2.1.2. Challenges of Ultrasound Guided Needle Procedures 

The advantages of percutaneous needle procedures under ultrasound guidance are 

attributed to the reliable, real-time visualization of needle tip position relative to the 

target and surrounding tissue (Abdallah, Macfarlane et al. 2015). However, in general 

clinical practice, several factors may influence the placement accuracy, including human 
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error, imaging limitations, image misalignment, target uncertainty and needle-tissue 

interactions (Roberson, Narayana et al. 1997; Hussain, Kingston et al. 2001; 

Abolhassani and Patel 2006; Chin, Perlas et al. 2008). The human weaknesses include 

lack of experience, deficient skills of the clinician and the unconscious movements of 

the patient (Haneke 2015). Besides these, the interaction between needle and tissue 

during insertion will cause needle deflection and tissue deformation. Tissue deformation 

involves three elements: tissue displacement, sliding of multi-layer soft tissue, and 

organ movements (Abolhassani and Patel 2006). Furthermore, when utilizing a thin 

needle, especially at deep location and steep insertion angle, the needle visualization can 

be quite poor (Hebard and Hocking 2011). The needle image under B-mode ultrasound 

may not be distinct from the surrounding media, because soft tissue is inhomogeneous 

and the reflection of ultrasound occurs at different tissue layers, giving speckled 

echogenic background (Guo, Schwab et al. 2012). Thus, the reduced visual contrast 

between soft tissue and the needle makes it difficult to recognize the needle. In the 

broader sense, the two critical issues that lead to the final failure of accurate needle 

placement are poor needle visualization and needle deflection. The work reported in this 

thesis focuses on the problem of poor needle visualization and proposes a feasible 

solution. 

2.2. Current Technologies for Improving Needle Visibility  

In the past few decades, there has been much research undertaken to improve the 

visualization of the needle. These have resulted in new manipulation strategies, 

innovative designs of needle and new imaging techniques. The technology of combing 

colour Doppler imaging and vibrating needle is of great interest and promising and is 

discussed in detail in Section 2.2.4. 

2.2.1. Needle Manipulation Strategies 

Alignment Techniques 

In ultrasound guided percutaneous procedures, there are two basic needle alignment 

techniques: in-plane and out-of-plane (Gray 2006). Figure 2.3 shows the comparison 

between in-plane and out-of-plane methods. In the in-plane alignment approach, the 

needle is inserted in the plane of ultrasound beam, and thus the whole needle draft and 

tip are visualized at the same time. The major drawback of this method is that, due to 

the narrow width of imaging plane (as little as 1 mm at the focal zone of high frequency 



TECHNICAL BACKGROUND 

12 

 

transducers), even a slight movement of transducer may cause the misalignment of the 

needle and imaging plane, and consequently lose the needle image (Griffin and Nicholls 

2010). Excellent hand-eye coordination is required for the in-plane approach to maintain 

needle-beam alignment as the needle is advanced. 

The out-of-plane approach involves inserting the needle so that it crosses the imaging 

plane near the target. This approach allows more needle movement in a larger field of 

vision. The operator is meant to slide the ultrasound transducer along the direction of 

the needle shaft to identify the tip. However, visualizing the needle tip in this approach 

can be difficult, as only a cross-sectional area of the needle is imaged (Chin, Perlas et al. 

2008). In the case of unsuccessful visualization of needle tip, small-volume test 

injections could be made to confirm the location of needle tip in out-of-plane approach 

(Gray 2006). 

 

Figure 2.3 Two-dimensional ultrasound imaging during needle advancement 

In the in-plane approach A, the needle is visualized in its long axis B, In the out-of-plane approach C, a 

limited view of the needle is generated D (Sites and Antonakakis 2009) 

 

Needle Manipulation Techniques 

The visibility of a needle can be improved through different manipulation techniques, 

including changing the needle-beam angle, orienting the needle bevel appropriately and 

using needles with a larger diameter (Souzdalnitski, Lerman et al. 2011). Needle beam 

angle, defined as the crossing angle of the needle shaft and ultrasound beam, greatly 

affects the needle visibility (Bradley 2001). A standard needle under ultrasound imaging 

is a mirror-like reflector because of its smooth metallic surface. Hence, a needle-beam 
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angle closer to 90° causes a greater number of echoes returning to the transducer and 

offers the better needle visibility when using an in-plane needle approach (Abdallah, 

Macfarlane et al. 2015). The optimal angle appears to be larger than 55° (Schafhalter-

Zoppoth, McCulloch et al. 2004). However, maintaining a large needle-beam angle is 

not always feasible, especially when targeting deep nerves (Souzdalnitski, Lerman et al. 

2011). In this situation, applying a “heel-in” manoeuvre can increase the needle-beam 

angle and help to increase the needle visibility (Chin, Perlas et al. 2008). This involves 

pressing one end (the “heel”) of the transducer more deeply into the patient than the 

other end, as shown in Figure 2.4 (D). Better needle visibility can also be achieved with 

larger diameter needles, but will cause more tissue trauma and patient discomfort 

(Schafhalter-Zoppoth, McCulloch et al. 2004).  

 

Figure 2.4 A 22-gauge needle is inserted in a steep trajectory (small needle-beam angle) toward the 

infraclavicular brachial plexus. (A) The needle shaft (small arrows) and tip (large arrow) are poorly 

visible. (B) The needle-beam angle is effectively increased by applying a “heel-in” manoeuvre to the 

position illustrated in (C), and pressing the caudal end of the transducer more deeply into the patient as 

shown in (D), thus increasing the echogenicity of the needle shaft (small arrows) and tip (large arrow), as 

shown in (B). AA, axillary artery; PMM, pectoralis major muscle (Chin, Perlas et al. 2008) 
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2.2.2. Innovative Design of Needles  

Echogenic Needle Design 

The problem of poor needle visibility has been addressed to some extent by developing 

echogenic needles (Hebard and Hocking 2011; Sadiq 2013; Munirama, Joy et al. 2015). 

The principle of echogenic needles is to enhance the reflection of ultrasound waves 

back to the probe. Most echogenic needle designs include a polymer coating that traps 

microbubbles (Echo-Coat, STS Biopolymers, Henrietta, NY), or a dimpled distal shaft 

(Echotip, Cook, Bloomington, IN). 

Figure 2.5 shows an echogenic needle with roughened surface. A great number of small 

angled indentations or notches, named as corner cube reflectors, were textured on the 

needle shaft. The texture forms an irregular surface on the needle shaft, causing an 

increase in scattering of ultrasound waves (Culp, McCowan et al. 2000). Consequently, 

the textured surface of the needle shaft will generate a brighter and clearer imaging, 

meaning better needle visualization. However, when the number and severity of 

indentations or notches increases, the roughness of needle shaft will increase 

simultaneously, which may result in higher friction coefficient between the needle and 

tissue (Souzdalnitski, Lerman et al. 2011). The greater friction force at the needle-tissue 

interface can obstruct the process of needle insertion and may induce more discomfort 

for the patient (Simonetti 2009).  

 

Figure 2.5: Design drawing of echogenic needle with indentations (Hebard and Hocking 2011) 

 

As for the needle coated with polymer, there would be many microbubbles embedded 

on the needle shaft during needle insertion because of the bubbling agent treated 

polymeric material on the needle surface (Culp, McCowan et al. 2000). When the 

needle is advanced into tissue, the acoustic impedance mismatch at the needle-tissue 
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interface increases, which enhances the needle echogenicity and hence improves the 

needle visibility. The images in Figure 2.6 (a, b) compare the visibility of non-echogenic 

needle and needle with dimpled distal shaft, while the images in Figure 2.6 (c, d) gives 

the comparison of non-echogenic needle and needle coated with polymer. 

Although these echogenic needles were specially designed to improve the needle 

visibility, only limited success has been reported in both laboratory (Hopkins and 

Bradley 2001; Guo, Schwab et al. 2012) and clinical settings (Bergin, Pappas et al. 

2002; Jandzinski, Carson et al. 2003). Moreover, these bright echogenic needles have 

the potential to increase unwanted shadowing as well as some other artefacts on the 

ultrasound image (Chin, Perlas et al. 2008). Besides, these specially engineered needles 

and their fabrication difficulty increase the cost of needle procedures.  

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 2.6 Grooved echogenic needle vs. non-echogenic needle (a, b) Panel (a) shows generic non-

echogenic needle (arrows) at an acute angle of incidence. Panel (b) shows a grooved echogenic needle 

(arrows) at an acute angle of incidence with improved visibility (Pajunk, USA) in blue phantom; Polymer 

coated echogenic needle vs. non-echogenic needle (c, d) Panel (c) shows a 21G non-echogenic needle 

(arrows). Panel (d) shows a 21G polymer coated echogenic needle (arrows) in porcine phantom. 

(Souzdalnitski, Lerman et al. 2011) 
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2.2.3. Novel Ultrasound Imaging Techniques  

Novel ultrasound imaging techniques have been developed recently, including 

compound and harmonic imaging, electronic beam steering and three-dimensional 

ultrasound. These imaging modes were developed to increase the ultrasound image 

quality and give more information for procedures under ultrasound guidance, but their 

effects on needle visibility vary.  

 

Compound and harmonic imaging 

Compound imaging has two types: spatial compound imaging and frequency compound 

imaging. In spatial compound imaging, multiple images of the region of interest are 

acquired from different angles in the same plane and combined into a single image. 

Alternatively the multiple scans can be taken at different frequencies (frequency 

compound imaging). Tissue harmonic imaging uses the harmonics (2
nd

 harmonic) 

generated in the body to form an image. Researches have shown that spatial compound 

imaging consistently improves the needle visibility compared with the B mode imaging 

(Saleh, Ernst et al. 2001; Cohnen, Saleh et al. 2003), while frequency compound 

imaging does not show an apparent effect on needle visibility (Mesurolle, Bining et al. 

2006). Tissue harmonic imaging worsens the needle visibility. (Karstrup, Brøns et al. 

2002; Mesurolle, Bining et al. 2006). 

 

Beam steering 

Electronic arrays allow the steering as well as focus of ultrasonic beam by varying the 

excitation delay of individual elements or groups of elements. This greatly improves the 

needle shaft and tip visibility by increasing the needle-beam angle toward 90°, as 

reported in a small group of 7 patients undergoing breast biopsy (Baker, Soo et al. 

1999). Current limitations of this technology include deterioration of image quality and 

vulnerability to noise and distortion (Cheung and Rohling 2004).  

  

Three-dimensional imaging 

To produce a three-dimensional (3D) image, the angle or position of the scan plane is 

swept mechanically or electronically and the series of images in these different planes 

correlated form a reconstructed 3D volume image. Figure 2.7 shows two types of 3D 

ultrasound scanning methods. 
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Figure 2.7: Schematic diagram of three-dimensional ultrasound scanning methods (a) linear scanning 

mechanism; (b) rotational tilt scanning mechanism (Neshat, Cool et al. 2013) 

 

Preliminary case reports on the use of 3D ultrasound suggest that a third dimension 

could give additional information about needle and catheter location, but this 

technology does not seem to enhance the needle visibility and all the challenges and 

issues associated with the poor needle visibility still apply (Feinglass, Clendenen et al. 

2007; Foxall, Hardman et al. 2007). Moreover, the 3D ultrasound currently have a 

bulkier transducer and a slower imaging frame rate, both of which can make the needle-

beam alignment more difficult (Foxall, Hardman et al. 2007). 

2.2.4. Vibrating Needle with Colour Doppler  

The movement of an object within an ultrasound beam leads to a frequency shift in 

reflected ultrasound waves. The frequency shift can be modulated into a colour signal 

using the colour Doppler function which is available on most modern ultrasound 

machines. Colour Doppler is commonly used to measure the velocity and direction of 

blood flow in vascular diagnosis (Ralls 1990). With developments in recent decades, it 

has extended applications, for instance, it can visualize a vibrating needle tip within a 

stationary media. Various ways to actuate the needle tip, including manual motion of the 

needle (Longo, Bilbao et al. 1994) and vibration induced by rotation of a bent stylet 

within the needle (Harmat, Rohling et al. 2006), have been investigated. However, these 

methods have limitations, generating too much colour artefacts along the needle shaft to 

allow accurate needle tip localization. 

 

The benefits of utilizing the ColourMark device (EchoCath Inc, Princeton, NJ) in 

percutaneous needle procedures have been reported in the studies of Feld (1997) and 
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Jones(1997). In these studies, the ColourMark device was used to induce minute 

vibrations in the needle that enable visualization under colour Doppler imaging. As 

shown in Figure 2.8, the needle was actuated at its resonant frequency (1000 to 3000 

Hz) with maximum vibration of needle tip up to 15 µm, which is imperceptible to touch. 

A hand-held driver box was used to send the electric drive signal, which was converted 

into mechanical vibrations by a sterile, disposable piezoelectric element clipped onto the 

needle shaft. The reported results showed that this colour Doppler enhancement 

technique is capable of generating a colourized image of a biopsy needle and its tip, 

with statistically significant improvement in the confidence of detection of the needle, 

compared with real-time B mode imaging (Feld, Needleman et al. 1997).  

 

 

Figure 2.8: ColourMark system with clip-on device (driver) (open arrow) attached to needle 1 cm below 

needle hub. Cable (curved arrow) of clip-on device plugs into variable generator box (not shown) by 

means of jack (straight arrow) (Feld, Needleman et al. 1997) 

 

However, the ColourMark device has certain limitations, for instance, poor needle 

visibility was observed at depths > 3 cm because of the attenuation of needle tip 

vibration (Jones, McGahan et al. 1997). In addition, due to the complicated and time-

consuming set up required for the device, the overall procedure duration was not 

reduced (Feld, Needleman et al. 1997). Furthermore, high-pitched vibration sound can 

be heard during operation because of vibration at the audio frequency.  

 

The use of ultrasound vibration was proposed by Sadiq (2013). He developed a 

piezoelectric transducer based on a mass-spring design to actuate a standard needle at 

low ultrasonic frequency, as shown in Figure 2.9. His research showed encouraging 

results that enhanced needle visibility was observed under colour Doppler imaging and 

the activated needle was best observed at insertion angles ≥ 30°. In addition to the 
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increased visibility, the ultrasound actuated needle device is also capable of reducing 

penetration force, leading to less needle deflection (Liao, Sadiq et al. 2013). However, 

this needle actuation transducer based on the mass-spring configuration is rather large 

and clumsy and complicated to manufacture. Further, the localization accuracy of 

needle tip was not investigated, which means the reliability of this technique had not yet 

been determined.  

 

 

Figure 2.9 The piezoelectric needle actuation transducer attached with a needle (Sadiq 2013) 

 

This  research here presents  an  innovative, minimized, single crystal transducer which 

also has the capability to ultrasonically actuate a standard, unmodified medical needles 

to enhance the needle visibility. Comparative studies were performed to evaluate the 

enhanced needle visibility and determine the localization accuracy of active needle 

under Colour Doppler guidance. This ultrasonic device will also widen the use of 

ultrasound among interventionalists, benefitting a variety of procedures. 
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2.3. Piezoelectric Transducers and High Power Ultrasonics  

The field of ultrasonics includes diverse topics such as sonar, medicine, electrical, 

chemical, and engineering applications. The field of ultrasonics can be divided into two 

broad areas: low-intensity, high-frequency and high-intensity, low-frequency 

applications (Gallego-Juarez and Graff 2014). Although, it is difficult to define the limit 

between low- and high- intensity, it is taken at approximate intensity values between 0.1 

and 1 W/cm
2
, depending on the medium (Gallego-Juarez 1999). In the case of high-

intensity, low-frequency applications, nonlinear phenomena caused by high-intensity 

waves, including wave distortion, radiation pressure, streaming, motion of dislocations 

in solids and cavitation in liquids, can activate a series of mechanisms, e.g. heat, 

agitation, interface instabilities, friction and rupture (Gallego-Juarez and Graff 2014). 

High power ultrasonics have a wide range of applications, including welding of metals 

and polymers, machining and metal forming in solids and fluids, cleaning, particle 

agglomeration, dewatering, and the enhancing of chemical reactions (Matheny and 

Graff 2015). 

2.3.1. High Power Ultrasonics in Medical Applications 

Medical application of high power ultrasonics is a rapidly developing field, in which 

ultrasound is used for non-invasive surgery, dental scaling, tissue dissection, bone 

cutting and other medical uses. High power ultrasound has been utilized as a standard 

operative tool for surgery because of its versatility, effectiveness and safety (Feldman, 

Fuchshuber et al. 2012).  

 

Power ultrasonic devices, such as the Harmonic Scalpel developed by Ethicon Endo-

Surgery, Inc (Somerville, New Jersey, United States), have been developed for soft 

tissue cutting and coagulation procedures, showing some advantages, such as higher 

precision than traditional laser surgery and electro-surgery (Mathieson 2012), reduced 

cutting force and more effective cutting on dense tissue such as scars and tendons 

(MacBeath 2006). The Harmonic Scalpel vibrates in longitudinal mode at a frequency 

in the region of 55.5 kHz. The ultrasonic vibration is transmitted down a tuned rod to 

the cutting blade. The cutting blade consists of two jaws, top jaw and bottom jaw. The 

top jaw, which doesn’t oscillate, has the ability to open and close and provides a 

clamping force to hold the soft tissue during tissue cutting. The bottom jaw oscillates 
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longitudinally at ultrasonic frequency with a displacement between 50 to 100µm. The 

amount of mechanical energy applied to tissue per unit time can be adjusted by varying 

the vibration amplitude of the device. As illustrated in Figure 2.10, a larger amount of 

blade excursion results in more rapid cutting of tissue and less thermal spread, but also 

reduces hemostasis. The reduced excursion of the blade can cause cell breakdown and 

transformation into a sticky coagulum that seals the blood vessels by generating 

frictional heating, acoustic streaming and pressure waves (O’Daly, Morris et al. 2008).  

 

 

Figure 2.10: ultrasonic coagulation and cutting characteristic during blade activation as it relates to power 

level setting 1 to 5 (Feldman, Fuchshuber et al. 2012) 

 

Ultrasonic dental scaling was developed in the 1950s and showed its effectiveness in 

removing plaque and calculus (McCall and Szmyd 1960). A commercial ultrasonic 

scaling device developed by Mectron Piezo Smart (Carasco, Italy) operates through the 

exploitation of micrometric dynamic deformation of the working tip. The high tip 

velocities increase the temperature of the oscillation tip and area under treatment 

(Arabaci, Cicek et al. 2007). In order to control the temperature, a cooling solution is 

directed through the instrument and ejected, cooling both tip and treatment area 

(Mathieson 2012). The cooling liquid enhances the cleaning process by removing 

debris, and the occurrence of cavitation and micro-streaming, induced by the high tip 

velocity, may also improve the cleaning process by removing calculus and other 

contaminants (Felver, King et al. 2009). 

 

Ultrasonic osteotomy is another medical application of high power ultrasound. 

Ultrasonic devices used in osteotomy have shown several benefits, such as high 

precision in cutting, less damage to both soft and hard tissues and quicker recovery 
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times than traditional instruments such as bone burs and bone saws (Beziat, Bera et al. 

2007). The ultrasonic devices achieve higher precision by generating micrometric 

deformations and also provide higher levels of safety when bones are close to delicate 

tissue such as nerve, brain and spinal cord. The vibrations of the ultrasonic device also 

reduces the force necessary to obtain a cut by the operator (Fiorellini 2005). 

 

Figure 2.11: Components of typical power ultrasonic system (Liao 2015) 

 

All the high power ultrasound applications described above can be  represented by a 

typical power ultrasonic system, as shown in Figure 2.11. This system consists of an 

ultrasound generator, piezoelectric transducer, horn, probe and end effector. The 

ultrasound generator is to generate electrical signal with specific frequency, usually in 

the range of 20 kHz to 100 kHz, and supply sufficient power to the piezoelectric 

transducer for operation. The piezoelectric transducer, the heart of the whole system, is 

able to convert the electrical energy to ultrasonic vibration. The horn is designed to 

transmit and amplify the ultrasonic vibration, which is then conducted by the 

transmission probe to the end effector. The end effector can be designed with various 

shapes and sizes for different applications. Finally, the output ultrasonic vibration 

interacts with the target and causes a change in the material or components (Gallego-

Juarez and Graff 2015). Since the piezoelectric transducer is the most important part of 

the whole power ultrasonic system, it will be described in detail in the following 

section, including the traditional transducer design, other new transducer types and 

characterization of the transducer.  

 

2.3.2. Power Ultrasonic Piezoelectric Transducers  

Langevin piezoelectric Transducer 

The Langevin piezoelectric transducer, also known as the sandwich piezoelectric 
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transducer, was first proposed and fabricated by Paul Langevin (1872 – 1946), who 

reported the generation of ultrasonic waves by means of transducers using a quartz and 

steel sandwich (Heywang, Lubitz et al. 2008). Langevin piezoelectric ceramic 

transducers have been widely used in a range of high power applications, such as 

ultrasonic cleaning, welding, cutting and machining. These transducers have the 

advantages of high mechanical strength, low mechanical and dielectric losses, low 

resonant  frequency, large power capacity and high  electro-acoustic  efficiency (Lin and 

Tian 2008). A representative Langevin transducer construction with external and section 

views, is presented in Figure 2.12.  

 

 

Figure 2.12: Langevin transducer: (a) external view; (b) section view (Gallego-Juarez and Graff 2014) 

 

The Langevin transducer consists of four components, front mass, back mass, 

piezoelectric stack and tension bolt. The transducers are generally  assembled  as  a  

sandwich  with  paired  discs  or  rings  of  piezoelectric materials compressed between 

two metallic end masses by a high strength mechanical bolt. The back mass guides the 

acoustic wave to propagate through the front mass, and the tension bolt keeps the 

piezoelectric elements contained in the stack under a compressive preload to avoid 

tension in the piezoelectric elements. The insulator shown in Figure 2.12 (b) is to 

separate the high voltage on the ceramic disks from the centre bolt. The case provides 

the electrical safety for the operator and mechanical protection for the transducer. The 

amplitude of vibration of the front end of the transducer is quite small, typically in the 

range of 10–30 µm, invisible to unaided eye, and can be amplified through an optimized 

horn (Wang, Chuang et al. 2011).  

 

Planar piezoelectric transducer 

Lal and White (1994) reported a planar piezoelectric transducer based on the design 
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concept of bonding piezoelectric plates operating in transverse (d31) mode to a micro-

machined silicon substrate. This powerful and lightweight silicon based ultrasonic 

micro-cutter is driven in a typical frequency range from 50 kHz to 100 kHz, generating 

tip displacements up to 36 µm. Its cutting ability has been demonstrated on chicken 

tissue and shows the potential to reduce the size, weight and production costs of power 

ultrasonic transducers used in surgical cutting devices (Friedrich, Lockhart et al. 2012).  

 

Figure 2.13: Schematic of the silicon based planar piezoelectric transducer  

(Friedrich, Lockhart et al. 2012) 

 

As illustrated in Figure 2.13, the planar piezoelectric transducer consists of a micro-

machined silicon horn that resonates in longitudinal mode because of two PZT plates 

bonded to either face of the horn and driven in the transverse (d31) mode. In this design, 

the horn shape is responsible for the geometrical amplification of the tip displacement 

and is composed of three sections: low amplitude, transition and high amplitude section. 

The PZT actuator is attached at the low amplitude section where the vibration nodes 

exist. The transition section is designed with a catenary form to provide best trade-off 

between amplification and stress concentration. The high amplitude section with a 

narrow tip is used for cutting.  

 

Flextensional piezoelectric transducers  

Flextensional  transducers  have  been  in  use  since  the  1920s, primarily  in  

underwater  and  sonar  applications. The transducer is composed of an actuator, such as 
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a piezoelectric material, that causes strain in a curved metal shell or plate to generate 

vibration (Lucas and Mathieson 2015). A miniaturized flextensional transducer, called 

“Moonie” transducer, was developed in the late 1980s (Newnham, Xu et al. 1991). This 

featured a varying vibrational amplitude across its output face. In comparison, the 

“cymbal” transducer developed in the 1990s produces more uniform vibrational 

amplitude across the output face (Meyer, Dogan et al. 2001). Figure 2.14 shows the 

schematic view of the “Moonie” and “cymbal” transducers. Recently, cymbal 

transducers with improved design developed by Bejarano (2016) can generate high 

vibration amplitudes for comparatively low piezoceramic volume. This has allowed the 

cymbal transducers to be considered for power ultrasound applications, such as 

ultrasonic cutting while taking advantage of their small size to develop miniature 

devices. 

  

(a) (b) 

Figure 2.14: Schematic view of (a) “Moonie” transducer and (b) “cymbal” transducer  

(Lucas and Mathieson 2015) 

 

The types of transducers described above provide a possible method for ultrasound 

actuation of an anaesthesia needle. The planar piezoelectric transducer has great 

potential to be further developed into a needle actuation transducer because of its simple 

configuration and easy fabrication. Furthermore, to incorporate the relaxor-PT 

piezocrystal into the transducer, the planar transducer may be more suitable than the 

Langevin transducer (Lucas and Mathieson 2015). However, there remains the critical 

issue of how to effectively transmit the ultrasound energy from the transducer to a 

standard unmodified anaesthesia needle and an improved design based on the planar 

transducer concept has to be realized.  
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2.3.3. Design and Characterization of Piezoelectric Transducers 

Design Considerations 

There are a number of practical considerations when constructing a piezoelectric 

transducer. For example, the vibrating transducer must be firmly held at some location 

in order to force the transducer against a load; heating will occur because of the 

dielectric losses and mechanical losses in the piezoelectric material, metals, and at 

interfaces, leading to high temperatures liable to cause damage to the transducer or 

shifts in frequency. The enclosure case is necessary for electrical safety and mechanical 

protection. Practical assembly issues must also be considered. Furthermore, the 

selection of piezoelectric material is of great importance. Table 2.1 shows how the 

piezoelectric material properties relate to transducer performance.  

 

Table 2.1: Relationship between material property and device performance (Zhang, Li et al. 2013) 

Material Parameter Transducer Performance 

Piezoelectric Coefficient (d) Strain  

Electromechanical Coupling (k) Bandwidth and Sensitivity 

Dielectric Permittivity (ε) Electrical Impedance Matching 

Electrical and Mechanical Loss  

(tanδ, mechQ) 

Acoustic Power 

(Power dissipated) 

Transition Temperature 
Temperature usage range 

Temperature dependence 

The transducer performance varies according to specific application. Therefore, the 

required piezoelectric properties are different for various applications. For ultrasound 

imaging applications, a large electromechanical coupling coefficient, k is required for 

broad bandwidth and high sensitivity (Zhang, Li et al. 2013). In addition, a low 

mechanical quality factor, Qm is preferred for sharp pulse detection, resulting in better 

axial resolution (Zhang, Li et al. 2015).  

 

Underwater acoustic transducers generate intense sound waves and therefore high 

mechanical quality factor, Qm is important to ensure low mechanical losses, reducing 

the excessive heat generation (Sherman and Butler 2007). A high coercive field, EC and 

high transition temperature, TRT and Tc are also required to maintain performance 

stability and efficiency at high AC field and elevated temperature (Zhang and Li 2012). 

Besides, high elastic compliance, s is preferred for device miniaturization. 
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Ultrasound sensors respond to physical stimuli and convert them into electric signals. 

For instance, a hydrophone is used to detect the pressure variation of acoustic waves 

(Muller and Moser 2012). A high voltage constant, g is required for high hydrostatic 

sensitivity. Low dielectric loss, tanδ is important for reducing energy dissipation (Jiang, 

Kim et al. 2014).  

 

Ultrasound actuators are used for positioning or controlling systems, converting electric 

voltage into motion. A large strain coefficient, d is significantly important for actuators, 

so that large displacement can be achieved with a low drive voltage (Ursic, Santo 

Zarnik et al. 2011). A higher coupling coefficient can be exploited to increase 

bandwidth, while a larger compliance, s is normally preferred to reduce the size of 

actuator (Park and Shrout 1997). Low mechanical loss is important for actuators 

operating at resonant frequency, while low dielectric loss is crucial for actuators 

operating at off-resonance frequency (Uchino 2009). 

 

Finite element and experimental modal analysis 

Finite Element Analysis (FEA) is a numerical modelling technique that can be used for 

the accurate solution of complex engineering problems. The FEA technique was first 

reported in the 1940s in the field of structural mechanics by Hrennikoff, McHenry, and 

Newmark, who used a line of elements for the solution of stresses in continuous solids 

(Newmark 1949). With the rapid development of computer technology and increasingly 

efficient and accurate matrix routines, it was realized that the FEA technique could be 

used to solve a range of problems. Piezoelectric media was firstly modelled using FEA 

technique by Allik and Hughes (1970), who reported the natural frequency of a 

piezoelectric disk. Later in 1974, Allik (1974) used the FE method to analyse a 

complicated three-dimensional sonar transducer model. With the continuous 

development of FEA in the field of electro-acoustic transducer design, there are now  

many  different  commercial  FEA  software  packages, including ANSYS and PZFlex, 

which  are  used  in  both  industry  and  academia. The FEA software used for the 

present work was ABAQUS (Dassault Systèmes Simulia, Paris, France) because of its 

full capability in analysing stress, thermal, vibration and acoustic problems. 

 

Generally, the FEA technique breaks an object down into a large number of small 

elements, and then combines the behaviour of each small element to predict the 



TECHNICAL BACKGROUND 

28 

 

behaviour of the whole object. As the small elements are regular in shape, they are 

readily predicted by a set of mathematical equations. In FEA technique, there are four 

basic most frequently used analysis methods, static, modal, harmonic, and transient 

analysis. These methods are specific instances of Equation (2-1).  

 

[M]{�̈�} + [𝐶]{�̇�} + [𝐾]{𝜃} = {𝐹}                                  (2 − 1) 

 

where [M] is the mass matrix, [C] is the damping matrix, [K] is the stiffness matrix,  

{θ} is the displacement vector, and {F} is the force vector. Each dot above a vector 

represents differentiation with respect to time. The force vector is related to the 

piezoelectric actuation, because the drive voltage applied on the piezoelectric material 

would cause the stress and strain in the piezoelectric material. 

 

Static analysis 

Static analysis is used to calculate the response of a system under steady loading conditions. 

In static analysis, effects like inertia and damping, which result from time-variation, are 

ignored. Thus, Equation (2-1) can be simplified to Equation (2-2). 

 

[K]{𝜃} = {𝐹}                                                            (2 − 2) 

 

The static response of a linear elastic model can be obtained through solving the equation. 

But static analysis is only occasionally used in the simulation of piezoelectric transducers 

because they are most often considered as dynamic systems.  

 

Modal analysis 

Modal analysis is used to study the vibration characteristics of a liner elastic system, 

including the natural frequencies and mode shape. In modal analysis, it is assumed that 

there are no effects of damping and loads, therefore, the equation of modal analysis 

becomes:  

 

[M]{�̈�} + [𝐾]{𝜃} = 0                                            (2 − 3) 

 

Displacements {θ} in Equation (2-3) are considered to be harmonic for a linear structure 

and can be represented by θ = θ0 cos(ωt). Here θ0 is the maximum displacement of the 

system, and ω is the angular frequency of vibration. The [M] and [K] matrices are constant 
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here. Modal analysis is applied to piezoelectric transducers to study the vibration mode 

shapes of the complete device. 

 

Harmonic analysis 

Harmonic analysis is used to determine the steady state response of a system at various 

frequencies when a continuous sinusoidal load with known amplitude and frequency is 

applied. The equation of harmonic analysis is 

 

[M]{�̈�} + [𝐶]{�̇�} + [𝐾]{𝜃} = 𝐹0𝑒
𝑗(𝜔𝑡+𝜑)                       (2 − 4) 

 

where F0 is the amplitude of applied force, j is a complex operator, and φ is a phase angle in 

radians. Since the applied force vector is complex, caused by attenuation in system, it is 

considered that the calculated displacements are complex too. Harmonic analysis is 

commonly applied to study the performance of piezoelectric transducers and can also be 

used to obtain the electrical impedance of a piezoelectric transducer.  

 

Transient analysis 

Transient analysis is used to study the dynamic response of a structure when time-

dependent load is applied. The equation for a transient analysis is: 

 

[M]{�̈�} + [𝐶]{�̇�} + [𝐾]{𝜃} = 𝐹0(𝑡)                                 (2 − 5) 

 

Where F0(t) represents the time-dependent force applied. Equation (2-5) can be solved 

through integration over time. For piezoelectric transducers, transient analysis is 

normally used to model pulse transmission within a medium. But it is not frequently 

used because it is highly sensitive to model parameter which can be difficult to define, 

such as acoustic couplant conditions (Wu 2005). 

 

FEA enables designers to model an ultrasonic device before fabricating a prototype and to 

obtain theoretical resonant frequencies and mode shapes. In order to validate the results of 

FEA models, experimental modal analysis (EMA) can be performed to enable the 

characterization and visualization of the modal responses over a defined frequency range of 

interest in a linear excitation region (Lucas and Mathieson 2015). 

 

EMA can be carried out according to following procedures: Firstly, the device was 
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mechanically supported and isolated from external vibration. Then the vibration response 

was measured by a non-contact laser Doppler vibrometer. The measurements were taken 

over a grid of points on the surface of the device; Analysis was carried out to obtain a model 

that describes the vibrational behaviour of the structure with respect to its resonant 

frequencies and mode shapes (Lucas and Mathieson 2015). An example of EMA is given in 

Figure 2.15, demonstrating the achievement of good correlation between FEA and EMA in 

estimating the resonant frequency and corresponding mode shape. Both the FE model 

predictions and EMA measurements show that the transducer operates with an axial 

vibration (Mathieson 2012). 

 

 

Figure 2.15: Mode shape of medical piezoelectric transducer obtained from FEA prediction and EMA 

measurement (Mathieson 2012) 

 

Performance characterization of piezoelectric transducer 

The performance characterization of a piezoelectric transducer is of great importance in 

confirming its feasibility for the desired application. In the case of underwater acoustic 

transducer, the characterization is carried out in both air and water, indicating 

performance of transducer in water with reference to air. However, considering the 

nature of application discussed in this thesis, in-water characterization is not necessary 

and in-tissue characterization is not possible with current experimental capability. 

Therefore, only in-air characterization has been performed. The tests in air are generally 

two types: small signal and large signal characterization.  

 

Small signal characterization 

Small signal characterization is carried out when the transducers are driven with small 

voltages between 10mV to 1V, because the transducers are assumed to have linear 

electric properties. This is usually done with a calibrated impedance analyser which 

measures the electrical response over a user-defined frequency range, and shows 
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graphically the phase angle between the input and output response and the electrical 

impedance or admittance of the transducer over the frequency sweep. Electrical 

evaluation, through either impedance or admittance, allows the determination of a 

number of important performance parameters. The impedance (Z) is a complex vector 

which consists of real and imaginary components, resistance (R) and reactance (X). 

Admittance (Y) is the inverse of impedance, i.e. Y=1/Z. It can also be broken into its 

real and imaginary parts, conductance (G) and susceptance (B). 

 

Z = R + jX                                                      (2 − 6) 

Y = G + jB                                                      (2 − 7) 

 

Measurement of the impedance or admittance magnitude determines the resonance 

frequency, fr, anti-resonance frequency, fa, minimum impedance and maximum 

admittance. At resonance (under short-circuit condition), |Y| becomes a maximum and 

|Z| becomes a minimum, while at anti-resonance (under open-circuit condition), |Y| 

becomes a minimum and the |Z| becomes a maximum. Typical impedance and 

admittance plots showing a single resonant mode of a transducer, as well as fr and fa, are 

illustrated in Figure 2.16. 

 

  

(a) (b) 

Figure 2.16: Typical impedance (a) and admittance (b) plots showing 

 a single resonant mode of a transducer 

 

Based on the impedance and admittance plots, a range of important performance 

parameters of piezoelectric transducers can be derived. It is important to understand that 

some parameters were shared between piezoelectric materials and the devices based on 

these materials, despite that they are numerically different. For example, the effective 
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coupling factor of transducer should be calculated using Equation (2-10) based on the fr 

and fa measured from the transducer rather than the piezoelectric material. Thus, 

particular care must be taken in calculating the following parameters. 

 

Quality factor 

Mechanical quality factor Qm is a dimensionless parameter that describes how damped a 

resonator is. A higher value of Qm indicates a lower rate of energy loss relative to the 

stored energy of the resonator which also means the oscillations die down more slowly 

(Sadiq 2013). 

 

For a piezoelectric resonator, the mechanical quality factor Qm characterizes the 

resonator’s bandwidth relative to its centre frequency (Zhang and Li 2012). It can be 

calculated using the following equation: 

 

𝑄𝑚 =
𝑓𝑟
∆𝑓

                                                          (2 − 8) 

 

where ∆f is the frequency difference at -3dB of the maximum admittance. 

 

While Qm is important, it is also useful to determine the electrical quality factor Qe 

which  can  be  determined  using  the  real  and  imaginary components  of  admittance,  

Gs  and  Bs respectively,  at  the  resonant  frequency (Ye 2008). From a power 

dissipation viewpoint, high Qm is important in resonant applications, while high Qe 

(inverse of dielectric loss) is crucial for devices operating off-resonance (Heywang, 

Lubitz et al. 2008). Also note that Qm
-1

 is equal to the mechanical loss. 

 

𝑄𝑒 =
𝐵𝑠

𝐺𝑠
                                                           (2 − 9) 

 

 

 

Electromechanical coupling factor 

The electromechanical coupling factor k is a measure of the ability to convert electrical 

energy into mechanical energy and vice versa (Uchino 2009). It is determined by the 

square root of the ratio of stored mechanical energy to the total energy absorbed. 
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k = √
𝑀𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑠𝑡𝑜𝑟𝑒𝑑

𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑎𝑝𝑝𝑙𝑖𝑒𝑑
 

 

The coupling factor is closely related to the bandwidth of a resonant electromechanical 

device (Zhang, Li et al. 2013). However, it should not be considered as the overall 

efficiency of the electromechanical transduction, since it does not take into account 

electrical and mechanical losses (Uchino 2009). When a transducer is not operating at 

resonance or if it is not properly tuned and matched, the efficiency can be quite low. 

The effective coupling coefficient, keff was commonly used to determine the 

performance of any transducer. It can be calculated from the impedance or admittance 

plot using Equation (2-10) which is based on transducer’s resonant and anti-resonant 

frequencies, fr and fa, respectively.  

 

𝑘𝑒𝑓𝑓
2 = 1 − (

𝑓𝑟
𝑓𝑎

)2                                                (2 − 10) 

 

Large signal characterization  

Large signal characterization is carried out to study how the piezoelectric transducer 

performs under practical conditions when the applied driving voltage can be up to 

10 - 1000 V according to the application. For the application covered in this thesis 

where a piezoelectric transducer is used to actuate standard medical needles, the 

vibration amplitude test is of great importance. There are variety of measurement 

techniques available for vibration amplitude, such as optical microscopy (Petosic, 

Ivancevic et al. 2011), piezoelectric accelerometer and fibre optic displacement sensor 

(Olivero, Perrone et al. 2008). The technique used in the work reported here is laser 

Doppler vibrometry. It has the advantage of non-contact and high accuracy and has been 

extensively used in ultrasound applications. Boucaud (1999) used this technique to 

measure the vibrational amplitude of a high power transducer. Lucas (2001), 

McCulloch (2008) and Park (2009) used it to determine the vibration velocities normal 

to the surface of ultrasonic tools. 

  



TECHNICAL BACKGROUND 

34 

 

2.4. Conclusion 

The effectiveness and safety of needle interventional procedure have been greatly 

improved with the introduction of ultrasound guidance. However, the poor needle 

visibility in certain situations, like deep location, steep insertion angle, thin needle and 

inhomogeneous soft tissue, can lead to inaccurate needle placement. There is a clear 

need to improve the needle visibility such that patients can be treated more effectively. 

Many research studies have been reviewed in this section from three aspects: new 

manipulation strategies, innovative design of needles and the development of new 

imaging techniques. All these technologies have advantages and limitations, as 

described above. The combination of colour Doppler imaging and a vibrating needle is a 

promising technique to improve needle visibility. This technology can be applied to a 

standard medical needle and realized with a standard medical ultrasound imaging 

machine, which is convenient and economic.  

 

Consequently, an ultrasonic needle actuation transducer was proposed and developed. 

Several advantages of using this device have been reported, indicating that it is a 

promising solution for poor needle visibility. However, up to now, there is still not 

enough evidence to prove the reliability of this technique. Moreover, the complicated 

transducer configuration needs further improvement. This requires the understanding of 

the power ultrasonic piezoelectric transducers. Therefore, the traditional transducer 

configuration and other new transducer types are reviewed. The design considerations 

and finite element modelling associated with piezoelectric transducers are discussed in 

detail. The final part of this chapter describes the methods and parameters used to 

characterize the performance of piezoelectric transducer.  

 

In the following chapter, the piezoelectric material, as the key component in the 

piezoelectric transducer, is first studied. The history and fundamental properties of 

piezoelectric materials used for transducers are introduced. Characterization of the 

piezocrystals was carried out under extreme temperature and pressure conditions. The 

findings from the piezoelectric material were used to guide the transducer design in 

Chapter 4. 
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Chapter 3. PIEZOELECTRIC MATERIAL AND   

CHARACTERIZATION  

Piezocrystals, especially relaxor-based ferroelectrics, such as (x)Pb(Mg1/3Nb2/3)O3 – (1-

x)PbTiO3 (PMN-PT), (x)Pb(In1/2Nb1/2)O3 – (1-x-y) Pb(Mg1/3Nb2/3)O3 – (y)PbTiO3 (PIN-

PMN-PT) and Mn-doped PIN-PMN-PT (Mn:PIN-PMN-PT), respectively termed 

Generations I, II and III, have been investigated and developed within the past three 

decades due to their ultrahigh piezoelectric coefficients and higher electromechanical 

coupling coefficients than piezoceramics. These characteristics contribute to their 

potential usage in a wide range of low- and high-power ultrasound applications. The 

rising demand has also increased the need for the full property matrices of these 

materials, which is necessary for finite element analysis (FEA) prior to the fabrication 

of ultrasound devices. Currently, there are only a few papers in the materials literature 

reporting the full elasto-electric matrice for PIN-PMN-PT and even fewer for Mn:PIN-

PMN-PT. Thus, considering the scarcity of complete sets of properties, in this chapter, 

small signal characterization of both single crystals was carried out to obtain the full 

elasto-electric matrix under ambient conditions. 

 

It is also necessary to understand their performance under different external conditions 

before applying the new piezocrystals in high power transducer. This is because such 

applications often involve exposure to elevated temperature, either environmental, such 

as in down-hole oil and gas applications, or self-driven, e.g. in underwater SONAR 

projectors. Similarly, high environmental pressure may be experienced at large 

subsurface depths in the ocean, and through prestress generated during transducer 

assembly, the latter being of most direct relevance here. Degradation of performance 

under any of these conditions may rule out the use of piezocrystals and it is thus 

necessary to consider material property variation with temperature and pressure above 

ambient during device design.  

 

Despite the fact that Gen. II and III single crystal materials are under development 

specifically for high power applications, the literature presently suffers from a lack of 

such results. Although there have been reports of the effects of temperature on PMN-PT, 
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PIN-PMN-PT and Mn:PIN-PMN-PT (Luo, Hackenberger et al. 2008; Zhang, Luo et al. 

2009; Ren and Ye 2014), few of them also comment on the effects of pressure. 

Application-oriented characterization on PMN-PT was carried out by McLaughlin et al 

for both the 33- and 32-modes, but only very limited sets of data were reported 

(McLaughlin, Liu et al. 2004; McLaughlin, Liu et al. 2005). Lack of data has led to 

slow adoption of the new piezoelectric single crystals, especially for the Mn:PIN-PMN-

PT. Therefore, the work reported in this chapter also includes application-oriented 

characterization of the three generations of piezocrystals. This will help to understand 

the extent to which these high performance piezocrystals can replace conventional 

piezoceramics in demanding applications. 

 

To summarize, in this chapter, the fundamental properties of piezoelectric materials are 

firstly described in Section 3.1, emphasizing the relaxor-PT single crystals. Then the full 

property matrix characterization of both PIN-PMN-PT and Mn:PIN-PMN-PT single 

crystals is reported in Section 3.2. Sample requirement and experimental arrangement 

are described first, and then results of full property matrix are presented. Section 3.3 

reports the application-oriented characterization of all three generations of piezocrystals. 

To gain understanding of the performance variation under pressure and temperature, 

three sets of data were obtained: for temperature only (20°C ≤ T ≤ 180°C), for pressure 

only (0 MPa ≤ P ≤ 60 MPa), and for combined temperature and pressure (20°C ≤ T ≤ 

100°C, 0 MPa ≤ P ≤ 60 MPa). The variations in key material parameters are then 

derived and compared. Finally, in Section 3.4, the findings are discussed the conclusions 

and future work are presented. 

3.1. Piezoelectric and Ferroelectric Materials 

The piezoelectric effect was first discovered in 1880 by Pierre and Jacques Curie (Curie 

and Curie 1880). They discovered that when stress is applied to crystals such as quartz, 

they produce an electric charge on the surface (direct piezoelectric effect). Lippmann 

predicted the converse effect in 1881, and it was verified by the Curies in the same year 

(Trainer 2003). The inverse piezoelectric effect means the production of stress and 

strain when an electric field is applied on the surface. Hence, an alternating high 

frequency voltage applied to a crystal produces mechanical vibration, consequently 

generating acoustic waves in the surrounding medium.  
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Quartz piezoelectric crystal was first used as transducer material in 1917 by Langevin, 

who designed the first electroacoustic transducer by sandwiching quartz between steel 

plates (Sherman and Butler 2007; Ensminger and Bond 2011). In 1921, piezoelectric 

properties of Rochelle salt were demonstrated by Valasek (1921), which were stronger 

than quartz. Thus, it became an alternative for electroacoustic transducers (Haertling 

1999). However, Rochelle salt was observed to be unstable in vacuum and in dry air 

(Jaffe 1937). Therefore, the motivation to explore new synthetic transducer materials led 

to the discovery and development of potassium dihydrogen phosphate (KDP) (Tokunaga 

and Matsubara 1966) and ammonium dihydrogen phosphate (ADP) (Mason 1946) 

crystals in 1935 and the early 1940s, which show relatively strong piezoelectric effects. 

The ADP crystals were established as extremely useful for high power acoustic 

transducers, replacing Rochelle salt (Keller 1947). Hence, up to 1945, the principal 

ultrasonic transducer materials were natural quartz and ADP crystals (Sherman and 

Butler 2007). 

 

In the early 1940s, a breakthrough was achieved when barium titanate (BaTiO3), with 

the perovskite structure, was discovered by Wul and Goldman (1945) and Von Hippel 

(1946). Gray (1949) designed the first working transducer made of piezoelectric 

ceramic and had a deep understanding of the importance of electrical poling in 

establishing a remnant polar domain configuration in the ceramics and corresponding 

strong piezoelectric response. Hence, piezoelectric transducers based on BaTiO3 were 

well established in a number of both civil and military applications by the early 1950s 

(Mason 1954; Cross and Newnham 1987). However, due to the concerns about their 

instability through depoling, polymorphic phase transitions (PPTs) in pure BaTiO3, and 

the low coercive field, EC (Cross and Newnham 1987; Bhalla, Guo et al. 2000), it was 

necessary to explore other ferroelectric perovskite compounds with enhanced 

performance. 

 

In the mid-1950s, a milestone study was carried out by Jaffe and Berlincourt (1965), 

establishing the PZT system as a suitable piezoelectric material formulations. The 

strong piezoelectric effect and high Curie temperature of PZT compositions established 

its leading position in piezoelectric materials. PZT also allowed a wide variation in 

chemical modification to obtain a wide range of operating conditions without serious 

reduction of the piezoelectric properties (Jaffe and Berlincourt 1965). A series of 

formulation-labeled PZTs (PZT4, PZT5A, PZT5H, PZT8, etc.) are now established to 
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emphasize different properties, These PZT ceramics have been extensively used for 

more than 60 years, making them the most important and versatile compositional base 

for piezoelectric elements by far (Cross and Newnham 1987).  

 

In the 1980s, various piezoelectric composites were introduced by Newnham (1978). 

The particular importance of piezoelectric composites is that structurally and 

compositionally homogeneous ceramics or single crystals can be combined with a 

passive polymer material to increase material flexibility, reduce unwanted acoustic 

modes, and improve acoustic impedance matching between the active material and the 

medium in which the acoustic wave travels (Zhang, Li et al. 2015). 

 

3.1.1. Piezoelectricity and Related Parameters 

The principle mechanism in any electro-acoustic or electro-mechanical transducer is 

conversion of electrical to acoustic or mechanical energy and vice versa. This 

mechanism is attributed to piezoelectricity of piezoelectric materials. Piezoelectricity is 

the ability to generate an electric displacement, D, proportional to an applied 

mechanical stress, T, (direct piezoelectric effect) or develop a mechanical strain, S 

(deformation), proportional to an applied electric field, E (converse piezoelectric effect) 

(Zhang and Li 2012). When applied mechanical stress is changed from tensile to 

compressive, the electrical polarity of piezoelectric material will reverse, as shown in 

Figure 3.1 (a). If the direction of the electric field is reversed, the sign of the strain will 

also reverse, as shown in Figure 3.1 (b). The shear piezoelectric effect refers to linear 

coupling between shear mechanical stress (or strain) and the longitudinal electric field, 

as shown in Figure 3.1 (c) and (d). 
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Figure 3.1: Schematic of (a) longitudinal direct, (b) converse, (c) face-shear, and (d) thickness-shear 

piezoelectric effects (Sun and Cao 2014) 

 

A good approximation of this piezoelectric transduction was presented by an IEEE 

Standard on Piezoelectricity IEEE standard (1978). When a small signal level was 

applied without nonlinear response, the interaction between the electrical and 

mechanical behaviour of piezoelectric material can be mathematically described by the 

constitutive relations. The fundamental constitutive relations can be expressed in the 

following four different sets, where D, E, S and T represent electric displacement, 

electric field, strain and stress respectively. 

Stress-Charge form 

Tij = c
E

ijklSkl – ekijEk 

Di = eiklSkl + ε
S

ijEk 

Stress-Voltage form 

Tij = c
D

ijklSkl – hkijDk 

Ei = – hiklSkl + β
S

ikDk 

Strain-Charge form 

Sij = s
E

ijklTkl + dkijEk 

Di = diklTkl + ε
T

ikEk 

Strain-Voltage form 

Sij = s
D

ijklTkl + gkijDk 

Ei = – giklTkl + β
T

ikDk 
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The first equation of each pair represents the inverse piezoelectric effect and the second 

represents the direct piezoelectric effect for each condition. The piezoelectric constants, 

d, g, e, and h, are third-order tensors which relate second order symmetry tensors (strain 

and stress) to vectors (electric displacement and electric field). The elastic compliance, 

s, and stiffness, c, constants are fourth-order symmetric tensors relating strain and stress. 

The dielectric permittivity, ε, and impermittivity, β, constants are second-order 

symmetric tensors relating electric displacement and electric field.  

 

Finally, the superscripts D and E denoted in the elastic constants imply that piezoelectric 

materials are kept under open-circuit (constant D) and closed-circuit (constant E) 

conditions. The superscripts T and S denoted in the dielectric constants mean that 

piezoelectric materials behave as if under free (constant stress) boundary condition and 

clamped (constant strain) boundary condition. Both conditions are considered to exist 

far from resonance, ε
T
 at a frequency far lower than the first resonant frequency and ε

S
 

is considered far above resonant frequency. 

 

In engineering, for simplicity, the material properties are expressed with reduced 

notation for symmetric systems, where two subscript indices are used. The first 

subscript index indicates the direction of stimulus as electrical or mechanical and the 

second specifies the direction of reaction as mechanical or electrical correspondingly. 

As a convention, in the rectangular coordinate system, the directions 1, 2 and 3 

represent the x, y and z axes respectively; the directions 4, 5 and 6 represent the rotation 

or shear around the x, y and z axis respectively, as shown in Figure 3.2. The direction of 

polarization is normally considered to coincide with the z axis i.e. in the direction of 

axis 3. 
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Figure 3.2: Directions for material property expression associated with conventional rectangular 

coordinate system (Sadiq 2013) 

 

Generally speaking, a complete set of elastic, dielectric, and piezoelectric constants has 

a maximum of 21 elastic constants, 18 piezoelectric constants, and 6 dielectric constants 

for an anisotropic piezoelectric material (Sun and Cao 2014), but the actual numbers of 

independent constants are much less, depending on the macroscopic symmetries of the 

piezoelectric material under consideration. 

 

In the case of PZT, the symmetry is isotropic before poling and conical after poling with 

the independent property components for poled PZT ceramics the same as those for 

point group 6mm, i.e. there are a total of 10 independent material constants: five elastic, 

three piezoelectric, and two dielectric constants. PMN–PT single crystals have different 

macroscopic symmetries when poled in different crystallographic directions (Erhart and 

Cao 2003). [001] poling produces macroscopic tetragonal 4mm symmetry with 11 

independent material constants: six elastic, three piezoelectric, and two dielectric 

constants. [011] poling produces macroscopic orthorhombic mm2 symmetry with 17 

independent material constants: nine elastic, five piezoelectric, and three dielectric 

constants. [111] poling produces macroscopic rhombohedral 3m symmetry with 12 

independent material constants: six elastic, four piezoelectric, and two dielectric 

constants. Table 3.1 lists the independent material constants for single crystal with 

different symmetries. The single crystals characterized in this thesis are all poled in the 

[001] direction, thus having 4mm symmetry. 

 



PIEZOELECTRIC MATERIAL AND CHARACTERIZATION 

42 

 

Table 3.1: Independent material constants for single crystal with different symmetries 

Macroscopic 

Symmetry 

4mm mm2 3m 

Poling 

direction 

[001]C [011]C [111]C 

Possible 

Domain 

configuration 

Single (1T) or 

Multi (4R/4O) 

Single (1O) or 

Multi (2R/2T) 

Single (1R) or Multi 

(3O/3T) 

Independent 

material 

constants 

6 elastic   (c
E

11, 

c
E

12, c
E

13, c
E

33, 

c
E

44, c
E

66) 

3 piezoelectric  

(e31, e33, e15) 

2 dielectric (Ɛ11,  

Ɛ33) 

9 elastic   (c
E

11, 

c
E

12, c
E

13,  c
E

22, 

c
E

23, c
E

33,  c
E

44, 

c
E

55, c
E

66) 

5 piezoelectric (e15, 

e24,  e31,  e32, e33) 

3 dielectric (Ɛ11, 

Ɛ22 and Ɛ33) 

6 elastic  (c
E

11, c
E

12, 

c
E

13, c
E

33, c
E

44, c
E

66) 

4 piezoelectric (e22,  

e31, e33, e15) 

2 dielectric (Ɛ11,  Ɛ33) 

 

3.1.2. Ferroelectricity and Ferroelectric Materials 

Ferroelectricity 

Ferroelectricity is the presence of a spontaneous polarization in a material, which can be 

reversed or reoriented by application of an external electric field or stress (Uchino 

2009). Ferroelectric materials are a special subset of piezoelectric materials. They are 

very attractive because of their switchable polarizations. Each unit cell of ferroelectric 

materials has a spontaneous polarization, but these polarizations are randomly 

orientated. As a result, unpoled ferroelectric materials have no net remnant polarization 

and they must be polarized to exhibit a bulk piezoelectric effect. Applying electric field 

can change their poling state and being heated above their Curie temperature, Tc, causes 

them to lose polarization. Therefore, it is important to control the external field and 

temperature of ferroelectric devices within appropriate ranges. 

 

In ferroelectric materials, regions with uniform polarization are called ferroelectric 

domains and the interfaces between domains are called domain walls. The variation of 
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polarization with electric field is generally hysteretic as a consequence of domain wall 

motion (Zhang and Li 2012). It can be observed by measuring the polarization versus 

electric field curve. A typical polarization hysteresis loop in ferroelectrics is shown in 

Figure 3.3. 

 

 

Figure 3.3: A typical polarization hysteresis loop in ferroelectrics (Zhang and Li 2012) 

 

Initially, unpoled ferroelectric materials have zero polarization. A linear relationship 

between polarization, P, and electric field, E is observed at low electric field, because E 

is not sufficient to switch any domains and thus the ferroelectric material behaves as a 

normal dielectric material. As E increases, the spontaneous polarization direction of 

domains is forced to switch towards the field direction and the polarization increases 

rapidly. A saturation state is reached when all the domains have switched and this 

relates to the spontaneous polarization, PS. If E subsequently decreases to zero, some of 

the domains remain aligned in the positive direction and a remnant polarization, PR, 

(poled state) is obtained. PR cannot be totally removed until the applied electric field in 

the negative direction reaches a certain value, defined as the coercive field, EC. Further 

increasing of the field will cause polarization in the negative direction. Reversing the 

electric field direction once again leads to a loop.  

 

Relaxor Ferroelectric Materials 

Lead magnesium niobate [Pb(Mg1/3Nb2/3)O3, PMN] is called a “relaxor”  ferroelectric 

material because of its dispersive (frequency dependent) dielectric response and diffuse 

phase transition (over a wide range of temperature) around the Curie point (Smolenskii 
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1970). Another important “relaxor” is [Pb(Zn1/3Nb2/3)O3,  PZN]. PMN and PZN single 

crystals exhibit small hysteresis and provide large piezoelectric, dielectric and 

electromechanical coupling coefficients (Park and Shrout 1997). Analogous to the PZT 

system, the relaxor component PMN (or PZN) can form solid solutions with classic 

ferroelectric PbTiO3 (PT), to give complex perovskite type relaxor ferroelectric PMN-

xPT (or PZN-xPT). These materials combine the properties of both the relaxors 

PZN/PMN and ferroelectric PT, exhibiting ultrahigh dielectric and piezoelectric 

properties (Wang, Jiang et al. 2004). Some of the relaxor-PT ferroelectric solid solutions 

can be grown into single crystals, such as PMN-PT and PIN-PMN-PT. These crystals 

have been found to exhibit extremely high electric field induced strains (about 1.7%) 

and electromechanical coupling (about 0.9), demonstrating the potential for replacing 

PZT in electroacoustic transducer applications (Park and Shrout 1997). Therefore, they 

have been subject to intense investigations and rapid development particularly within 

the last two decades. 

 

Perovskite Structure 

Perovskite is the mineral name of calcium titanate (CaTiO3). In fact, most of the 

common ferroelectrics, including barium titanate (BaTiO3), lead titanate (PbTiO3) and 

lead zirconate titanate (PZT) have the perovskite structure. As shown in Figure 3.4 (a), 

the unit cell of PbTiO3 can be viewed as a cubic arrangement of Pb ions with O ions at 

the face centres and smaller Ti ions filling the cubic centres. Above a critical 

temperature, Tc, each perovskite crystal exhibits paraelectric cubic phase with no dipole 

moment because of its centrosymmetric structure, though it may become ferroelectric 

when undergoing a structural phase transition after cooling. Figure 3.4 compares  the  

unit  cells  of  the  paraelectric  cubic  phase  and  the ferroelectric  tetragonal  phase. 
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Figure 3.4: Perovskite structure of PbTiO3 (ABO3 type) mixed oxide (a) Paraelectric cubic phase above 

Tc; (b) ferroelectric tetragonal phase below Tc (Sadiq 2013) 

 

Structural Phases 

Relaxor PZN-PT, PMN-PT and PIN-PMN-PT crystals share the same perovskite 

structure. A transformation from the cubic phase to the tetragonal, rhombohedral or 

orthorhombic phase results to a spontaneous polarization in the [001], [111] or [110] 

direction respectively. Small shape and volume changes of the cubic structure occur at 

the same time. Figure 3.5 shows the structure symmetry and spontaneous polarization 

directions of the cubic, tetragonal, rhombohedral and orthorhombic phases.   

 

Figure 3.5: Phases and crystal variants. (a) Cubic phase, (b) Tetragonal phase with 6 variants, (c) 

Rhombohedral phase with 8 variants, (d) Orthorhombic phase with 12 variants (Liu 2004) 

 

The tetragonal phase has 6 equivalent spontaneous polarization directions 

corresponding to 6 kinds of domains (or 6 crystal variants). Similarly, the rhombohedral 

phase has 8 variants, and the orthorhombic phase has 12 variants.  For  the  three  kinds  
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of  monoclinic phases,  the  domain  configuration  becomes  even  more  complicated  

with  24  domain  states for  each  kind (Aizu 1970). The increasing number of crystal 

variants means an increasing complexity of domain patterns under different external 

fields. 

3.1.3. Relaxor-PT Ferroelectric Single Crystals 

Development of relaxor-PT ferroelectric single crystals 

Relaxor-PT single crystals, such as Gen. I (x)Pb(Mg1/3Nb2/3)O3 – (1-x)PbTiO3 (PMN-

PT) and (x)Pb(Zn1/3Nb2/3)O3 –(1-x)PbTiO3 (PZN-PT), have great potential for sensing 

and actuating applications, because their piezoelectric coefficient (e.g. d33 > 2000 pC/N) 

and electromechanical coupling factor (e.g. k33 > 90%) are much higher than 

commercial piezoelectric ceramic Pb(Zr1-xTix)O3 (PZT) (e.g. d33 > 300 pC/N; k33 > 

70%) (Zhang, Luo et al. 2006). Although the performance of piezocrystal is very 

attractive, several issues have militated against the adoption of Gen. I piezocrystal for 

many applications. The relatively low Tc, in the range 120 - 160°C, and rhombohedral-

to-tetragonal phase transition temperature, TRT, in the range 65 -95°C, limit the usable 

temperature range in high power transducer applications (Sun and Cao 2014). Low 

quality factor, Qm < 160, and low coercive field, Ec, in the range of 1.8-2.5 kV/cm, also 

restrict high power actuator applications such as ultrasonic cutting, bonding and drilling 

and underwater SONAR sound projection (Zhang, Li et al. 2015).  

 

Significant work has been carried out to overcome these drawbacks, combining high 

temperature stability and high quality factor in piezocrystal whilst maintaining as much 

as possible of the performance benefits. Fu and Cohen (2000) suggested to add 

additional compounds and dopants into the binary PMN-PT system to create better 

piezocrystal. One of the successful products emerging in this way is Gen. II 

(x)Pb(In1/2Nb1/2)O3-(1-x-y) Pb(Mg1/3Nb2/3)O3-(y)PbTiO3 (PIN-PMN-PT). Increases in 

TRT and Tc of 35-40°C compared with Gen. I PMN-PT have been observed while the 

piezoelectric properties are comparable (Luo, Hackenberger et al. 2008). 

 

Although Gen. II PIN-PMN-PT piezocrystal has been demonstrated successfully, Qm is 

still low compared with piezoceramic. Therefore, Mn has been added to PIN-PMN-PT 

system as a dopant, forming Gen. III piezocrystal Mn:PIN-PMN-PT. According to a 

study carried out by Luo (2010), Mn:PIN-PMN-PT increases Qm with values up to 1000 
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and further increases the usable temperature range and coercive field. Thus, Mn:PIN-

PMN-PT has significant potential to replace the hard piezoceramic types in future high 

power devices when such material is easily available. Table 3.2 compares the key 

properties of PZT piezoceramic and the newly developed relaxor-PT single crystal. 

 

Table 3.2: Comparison of key properties of piezoceramic and piezocrystal materials 

Piezoelectric material 
T

C
 

(°C) 

T
R-T

 

(°C) 

E
C
 

kV/cm 

Ɛ33

T

r
 

- 

d
33

 

pC/N 

k
33

 

- 

Q
M

 

- 

PZT-4 320 320 14.2 1300 295 0.68 500 

PZT-5A 370 370 8.7 1700 420 0.70 70 

PZT-8 300 300 19.0 1100 245 0.67 1000 

PMN-PT 135 96 2.3 5400 1540 0.95 100 

PIN-PMN-PT 191 125 5.0 4400 1510 0.92 180 

Mn:PIN-PMN-PT 193 119 6.0 3700 1120 0.90 810 

*All values are indicative only (Rehrig, Hackenberger et al. 2002; Luo, Hackenberger et al. 2010; Zhang 

and Li 2012; Sadiq 2013; Tian and Han 2014)  

 

Mechanisms of enhanced piezoelectric response 

The origin of the ultrahigh piezoelectric response for relaxor-PT crystals has been 

debated since their discovery (Park and Shrout 1997; Fu and Cohen 2000) and some 

concepts recently developed to explain the high piezoelectric activity in relaxor-PT 

crystals are surveyed. 

 

Fu and Cohen (2000) analysed the free energy profile of PZN crystals and proposed a 

polarization rotation mechanism to explain the ultrahigh piezoelectric properties in 

relaxor-PT based crystals. In their work, polarization rotation path and related free 

energy were illustrated and the flattened path of free energy caused by polarization 

rotation was considered to be critical for achieving the high piezoelectric response in 

relaxor-PT crystals. The polarization rotation process is induced by application of a 

perpendicular electric field, leading to a shear deformation of the lattice (lattice 

distortion), as illustrated in Figure 3.6. The solid red arrows represent the spontaneous 

polarization and the dotted red arrows represent the spontaneous polarization under 

perpendicular electric field. The solid black arrows represent the [011] and [001] 
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directions in Figure 3.6 (a) and (b), respectively, in order to indicate the polarization 

rotation path. Polarization rotation refers to a contribution from the variation of lattice 

symmetry (originating from lattice distortion), and is thus considered as the intrinsic 

effect. 

 

Figure 3.6: Polarization rotation and related shear deformation for (a) tetragonal crystals and (b) 

rhombohedral crystals under electric field perpendicular to spontaneous polarization direction (Li, Zhang 

et al. 2010) 

 

Domain wall motion, another important factor, is the phenomenon where ferroelectric 

materials change from one spontaneously polarized state to another under electric or 

mechanical field (Zhang and Li 2012), causing the movement of interfaces between two 

domains. The contribution of domain wall motion to the piezoelectric response is based 

on the anisotropy at the lattice scale and the contribution to strain comes from lattice 

rotation (Damjanovic 2006). During domain wall motion, only a part of the lattice of 

one domain switches to another stable state, as shown in Figure 3.7. Domain wall 

motion is not associated with a change in lattice symmetry (no lattice distortion) and is 

thus denoted as an extrinsic effect. 

 

Figure 3.7: Graphical illustration of domain wall motion under electric field (Damjanovic 2006) 

 

Phase transition is thought to be another critical factor for the high piezoelectric 

properties of relaxor-PT crystals. The piezoelectric coefficients can be significantly 
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enhanced at compositions near morphotropic phase boundary (MPB), which involves 

rhombohedral, tetragonal, orthorhombic and monoclinic phases. The coexistence of 

several phases can cause structural instability, and thus phase transitions. For relaxor-PT 

crystals, they are subject to polymorphic phase transitions, such as tetragonal to 

orthorhombic and orthorhombic to rhombohedral phase transitions (Zhang and Li 

2012). 

 

To summarize, three mechanisms, including polarization rotation, domain wall motion 

and phase transition, are briefly surveyed to help understand the physical origin of the 

ultrahigh piezoelectric and electromechanical properties of relaxor-PT single crystals. 

However, the causes of the high piezoelectric activity are complicated and other 

concepts and mechanisms exist (Bellaiche, García et al. 2001; Zhang, Liu et al. 2011).  

 

The relaxor-PT single crystals have shown great potential usage in a wide range of low- 

and high-power ultrasound applications. In order to use these single crystal materials for 

transducer design with FEA technique, the complete set of elastic, piezoelectric and 

dielectric constants must be obtained. 
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3.2. Full Property Matrix Characterization 

There are several different methods available for measuring the material constants of 

piezoelectric material, such as the Berlincourt method, impedance resonance method 

and ultrasonic pulse-echo method (Zhang, Jiang et al. 2001; Peng, Luo et al. 2005; 

Stewart and Cain 2014). The Berlincourt method was developed to measure the 

piezoelectric charge coefficient based on the direct piezoelectric effect. This method is 

only able to provide specific piezoelectric constants, e.g. d33 and therefore, is not 

suitable for full property measurement. The impedance resonance method utilizes the 

inverse piezoelectric effect to quantify the performance of piezoelectric material. The 

full property matrix of piezoelectric material can be determined dynamically using this 

method, but different samples of the same piezoelectric material are needed (Qiu 2014). 

The ultrasonic method, based on the pulse-echo technique, can be used to measure the 

elastic properties of solid materials, through measuring the longitudinal and shear wave 

velocities applied in different orientations. Study has shown that this method provides 

better accuracy in determining the elastic constants of piezoelectric material than the 

resonance method, but it has insufficient accuracy to provide the piezoelectric constants 

(Jiang, Zhang et al. 2003). Among the characterization methods, the resonance method 

is believed to provide reasonably accurate results and is easy to use if samples of 

various shapes are available. The resonance method has been used to evaluate the full 

property matrix of piezoelectric material in most of the reported works. 

 

Consequently, the resonant technique described in the IEEE standard was used in this 

work. In this section, the requirement of the samples to obtain the full property matrix is 

firstly described. Then the experimental arrangement used in this work is presented. 

Afterwards, the procedure to derive all the material constants was described in detail. 

Finally, the full property matrices of PIN-PMN-PT and Mn:PIN-PMN-PT were listed 

and some issues during the calculation were raised and discussed.   

3.2.1. Requirement of Piezocrystal Samples 

For many years, the IEEE standard resonance method has been used to determine the 

full elasto-electric matrix. This requires a separate material sample, with a specified 

geometry, for each of several defined propagation modes. The number of samples 

differs according to the crystallographic symmetry of the material to be characterized. 



PIEZOELECTRIC MATERIAL AND CHARACTERIZATION 

51 

 

[001]-poled rhombohedral-phase PIN-PMN-PT (CTG Advanced Materials, 

Bolingbroke, IL, USA) and Mn:PIN-PMN-PT (TRS Technologies, State College, PA, 

USA) piezocrystals have 4mm symmetry. Therefore, five samples are required to 

characterize each of them, respectively operating in the thickness extensional (TE), 

thickness shear (TS), length extensional (LE), and length thickness extensional (LTE) 

modes, with the latter also required 45°-rotated. The samples along with the relevant 

crystal orientation and geometry are listed in Table 3.3. 

 

Two of these samples raise particular issues. The TS sample must be poled in [001] 

direction then have the poling electrodes removed and replaced on a different pair of 

surfaces, and none of the other samples requires this preparation. LE sample is specified 

to have a width : thickness aspect ratio of 1:10. Because of the compositional gradient 

along the length of a piezocrystal boule, from which a 10 mm long LE bar is cut, it may 

result in significant compositional variation within the sample. In addition, long samples 

can cause problems in poling and samples of small cross-section will have high 

impedance. The specified aspect ratio for the LE bar is therefore sometimes adjusted, 

e.g. to 1:7 or, as published (McLaughlin, Liu et al. 2004; McLaughlin, Liu et al. 2005), 

as low as 1:3, provided that unimodal LE operation is observed explicitly.  

 

In this work, the plate geometries of Mn:PIN-PMN-PT are described in Table 3.3. 

Because of other experimental uses, the PIN-PMN-PT had slightly different sample 

geometries: the kt plate was 10 x 10 x 1 mm
3
, the d33 bar was 10 x 2 x 2 mm

3
 and the 

d31
45:Z 

plate was 10 x 3 x 0.5 mm
3
. Still all these plate geometries meet the IEEE 

standard requirements. In addition, the compositions of both the PIN-PMN-PT and 

Mn:PIN-PMN-PT single crystals were not available, because this information was not 

provided by the manufacturer (TRS Technologies, State College, PA, USA). 
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Table 3.3: Mn:PIN-PMN-PT Piezocrystal samples required for the measurement of full elasto-electric 

matrix (Qiu, Sadiq et al. 2011) 

Specimen Geometry 
Crystal 

Specification
1 

Plate 

Geometry 

l x w x t 

(mm
3
) 

Vibration 

Mode 
Cut

2 

 

 

 

 

[001] poled kt plate 5x5x0.5 

Thickness 

Extensional 

Mode 

(ZXt) 

0° 

 

 

 

 

 

 

[001] poled 

d33 bar 
7x1x1 

Length 

Extensional 

Mode 

(ZXt) 

0° 

 

[001] poled 

d31plate 
7x1.4x0.7 

Length 

Thickness 

Extensional 

Mode 

(ZXt) 

0° 

 

[001] poled 

d31
45:Z 

plate 
10x3x1 

45° 

Rotated 

Thickness 

Extensional 

Mode 

(ZXt) 

±45° 

 

 

 

 

[001] poled 

d15 plate 
7x3.5x0.5 

Thickness 

Shear 

Mode 

(ZXt) 

0° 

 

3.2.2. Experimental Arrangement 

The resonant technique for piezoelectric material characterization under ambient 

condition is widely practiced. Figure 3.8 presents the experimental arrangement used in 
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this study. All the samples mentioned in the previous section were mounted on a 

specially designed fixture which was directly attached to a 4395A Network / Spectrum / 

Impedance Analyser (Agilent Technologies, CA, USA). The sample was placed on a 

gold-plated bottom and its upper surface was contact with a spring-loaded, gold-plated 

Coda-Pin connection (Coda Systems Ltd., Essex, UK).  Electrical impedance spectra of 

all the samples were recorded by the impedance analyser, operating in its impedance 

analysis mode for this work. The frequency range was set to cover the resonant mode 

for each sample. Full calibration of the analyser and fixture compensation were applied 

prior to the measurements. A maximum of 801 data points were taken over the selected 

frequency range, because this is the limit of the 4395A analyser. 

 

Figure 3.8: Impedance analyser with specially-constructed fixture (Qiu 2014) 

3.2.3. Analysis Procedure 

A piezocrystal with 4mm symmetry has a total of eleven independent constants in the 

full property matrix, including six independent elastic constants c
E
, two independent 

dielectric constants ε
S
, and three independent piezoelectric stress constants e, as 

presented in Equations (3-1) to (3-3).The superscripts E and S indicate that the 

constants were measured under constant electric field and constant strain, respectively.  

 

𝑐𝐸 =

[
 
 
 
 
 
 
𝑐11

𝐸 𝑐12
𝐸 𝑐13

𝐸

𝑐12
𝐸 𝑐11

𝐸 𝑐13
𝐸

𝑐13
𝐸 𝑐13

𝐸 𝑐33
𝐸

0 0 0
0 0 0
0 0 0

0 0 0
0 0 0
0 0 0

𝑐44
𝐸 0 0

0 𝑐44
𝐸 0

0 0 𝑐66
𝐸 ]

 
 
 
 
 
 

 [𝑁 𝑚2⁄ ]                    (3 − 1) 
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𝑒 = [
0 0 0
0 0 0

𝑒31 𝑒31 𝑒33

0 𝑒15 0
𝑒15 0 0
0 0 0

] [𝑐 𝑚2⁄ ]                      (3 − 2) 

 

𝜀𝑠 = [

𝜀11
𝑠 0 0

0 𝜀11
𝑠 0

0 0 𝜀33
𝑠

] [𝐹 𝑚⁄ ]                                   (3 − 3) 

 

All the material constants can be determined by analysing the electromechanical 

features of the piezoelectric material. The resonant technique is used to observe the 

resonant and anti-resonant frequencies to derive the material constants related to the 

particular vibration mode of each sample. The derived material constants based on 

different samples are shown in Table 3.4. 

 

Table 3.4: The calculated material constants related to particular vibration modes 

Crystal Specification
 

Calculated Material Constants 

[001] poled kt plate 

dielectric permittivity ε33
T
 and ε33

S
, 

coupling coefficient kt, elastic stiffness 

constants c33
D
 and c33

E
, piezoelectric 

stress constant e33 

[001] poled 

d33 bar 

coupling coefficient k33, elastic 

compliance constants s33
D
 and s33

E
, and 

piezoelectric strain constant d33 

[001] poled 

d31 plate 

elastic compliance s11
E
 , piezoelectric 

strain constant d31, and coupling 

coefficient k31 

[001] poled 

d31
45:Z 

plate 

elastic compliance s12
E
, s13

E
, s66

E
 and 

elastic stiffness c13
E
 

[001] poled 

d15 plate 

coupling coefficient k15, elastic stiffness 

constants c44
D
 and c44

E
, elastic 

compliance constants s44
D
 and s44

E
, 

piezoelectric strain constant d15, 

piezoelectric stress constant e15, dielectric 

permittivity ε11
T
  and ε11

S
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For [001] poled kt plate vibrating in TE mode, the related material constants are 

dielectric permittivity ε33
T
 and ε33

S
, coupling coefficient kt, elastic stiffness constants 

c33
D
 and c33

E
 , and piezoelectric stress constant e33, which can be derived from equation 

(3-4) to (3-9). The superscript T, D and E indicate that the material constants are 

measured at a constant stress, electric displacement field, and electric filed, respectively. 

𝜀33
𝑇 = 𝐶3𝑙 ∙

𝑡

𝐴
                                                    (3 − 4) 

𝜀33
𝑆 = 𝐶3ℎ ∙

𝑡

𝐴
                                                    (3 − 5) 

 

𝑘𝑡 = √
𝜋

2
 
𝑓𝑟
𝑓𝑎

 tan (
𝜋

2
 
𝑓𝑎 − 𝑓𝑟

𝑓𝑎
)                                      (3 − 6) 

 

𝑐33
𝐷 = 𝜌(2𝑡𝑓𝑎)2                                                  (3 − 7) 

 

𝑐33
𝐸 = 𝑐33

𝐷 (1 − 𝑘𝑡
2)                                                (3 − 8) 

 

𝑒33 = 𝑘𝑡√ 𝜀33
𝑆 ∙ 𝑐33

𝐷                                                   (3 − 9)  

 

Where fr and fa refer to the resonant and anti-resonant frequency of the TE mode 

vibration; C3l is the quasi-static capacitance measured at 1kHz; C3h is the capacitance 

measured at high frequency (double the sample’s anti-resonant frequency); A is the 

cross section area of the plate; ρ is the density of the sample. 

 

For the [001] poled d33 bar vibrating at LE mode, the electromechanical coupling 

coefficient k33, elastic compliance constants s33
D
 and s33

E
, and piezoelectric strain 

constant d33 are respectively derived from equation (3-10) to (3-13). 

 

𝑘33 = √
𝜋

2

𝑓𝑟
𝑓𝑎

tan (
𝜋

2

𝑓𝑎 − 𝑓𝑟
𝑓𝑎

)                               (3 − 10) 

 

𝑠33
𝐷 =

1

𝜌(2𝑙𝑓𝑎)2
                                               (3 − 11) 
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𝑠33
𝐸 =

𝑠33
𝐷

1 − 𝑘33
2                                                  (3 − 12) 

 

𝑑33 = 𝑘33√𝑠33
𝐸 ∙ 𝜀33

𝑇                                         (3 − 13) 

 

For the [001] poled d15 plate vibrating at TS mode, electromechanical coupling 

coefficient k15, elastic stiffness constants c44
D
 and c44

E
, elastic compliance constants s44

D
 

and s44
E
, piezoelectric strain constant d15, piezoelectric stress constant e15, dielectric 

permittivity ε11
T
  and ε11

S
 are derived from equation (3-14) to (3-22). 

𝑘15 = √
𝜋

2

𝑓𝑟
𝑓𝑎

tan (
𝜋

2

𝑓𝑎 − 𝑓𝑟
𝑓𝑎

)                                  (3 − 14) 

 

𝑐44
𝐷 = 𝜌(2𝑡𝑓𝑎)2                                                (3 − 15) 

 

𝑐44
𝐸 = 𝑐44

𝐷 (1 − 𝑘15
2 )                                         (3 − 16) 

 

𝑠44
𝐸 =

1

𝑐44
𝐸                                                      (3 − 17) 

 

𝑠44
𝐷 =

1

𝑐44
𝐷                                                      (3 − 18) 

 

𝜀11
𝑇 = 𝐶1𝑙 ∙

𝑡

𝐴
                                                 (3 − 19) 

 

𝜀11
𝑆 = 𝐶1ℎ ∙

𝑡

𝐴
                                                (3 − 20) 

 

𝑑15 = 𝑘15√𝑠44
𝐸 ∙ 𝜀11

𝑇                                        (3 − 21) 

 

𝑒15 = 𝑘15√
𝜀11

𝑆

𝑠44
𝐷                                                (3 − 22) 

 

Where C1l is the quasi-static capacitance across the thickness direction measured at low 
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frequency 1kHz; C1h is the capacitance measured at high frequency (double the sample’s 

antiresonant frequency). 

 

For the [001] poled d31 plate vibrating at LTE mode, the related material constants are 

elastic compliance s11
E
 , piezoelectric strain constant d31, and coupling coefficient k31 , 

derived from equation (3-23) to (3-25).  

 

1 − 𝑘31
2

𝑘31
2 =

1

𝜋
2

𝑓𝑎
𝑓𝑟

tan (
𝜋
2

𝑓𝑎 − 𝑓𝑟
𝑓𝑟

)
                            (3 − 23) 

 

𝑠11
𝐸 =

1

𝜌(2𝑙𝑓𝑟)2
                                                 (3 − 24) 

 

𝑑31 = −𝑘31√𝑠11
𝐸 ∙ 𝜀33

𝑇                                        (3 − 25) 

 

For the [001] poled d31
45:Z 

plate vibrating at LTE mode, the elastic compliance s12
E
, 

s13
E
,s66

E
 and elastic stiffness c13

E
 can be derived from equation (3-26) to (3-30). 

𝑠11
𝐸45 =

1

𝜌(2𝑙𝑓𝑟)2
                                             (3 − 26) 

 

𝑐13
𝐸 =

𝑒33 − 𝑑33 ∙ 𝑐33
𝐸

2𝑑31
                                       (3 − 27) 

 

𝑠13
𝐸 =

1 − 𝑠33
𝐸 ∙ 𝑐33

𝐸

2𝑐13
𝐸                                               (3 − 28) 

 

𝑠12
𝐸 =

2𝑠13
𝐸 2

𝑠33
𝐸 −

1
𝑐33

𝐸

− 𝑠11
𝐸                                          (3 − 29) 

 

𝑠66
𝐸 = 4𝑠11

𝐸45 − 2𝑠11
𝐸 − 2𝑠12

𝐸                                 (3 − 30) 

 

Based on the five resonator models, all the material constants of single crystals can be 

derived: six elastic compliance constants at constant electric field, s11
E
, s12

E
, s13

E
, s33

E
, 
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s44
E
 and s66

E
; three piezoelectric strain constants, d31, d33 and d15; two dielectric 

permittivity values at constant stress, ε11
T
 and ε33

T
; and two dielectric permittivity values 

at constant strain, ε11
S
 and ε33

S
. Then the elastic stiffness matrix at constant electric field 

[c
E
] and piezoelectric stress constant matrix [e], can be obtained from the relationships 

in Equations (3-31) to (3-32): 

 

[𝑐𝐸] = [𝑠𝐸]−1                                                 (3 − 31) 

[𝑒] = [𝑑][𝑐𝐸]                                                (3 − 32) 

 

Finally, to obtain a complete elasto-electric matrix, a spread sheet was created (Qiu, Z. 

2014), based on derivations drawn from the constitutive relations between piezoelectric 

properties. 

 

For the measurements here, however, the LTE plate and LE bar were found to be highly 

susceptible to unwanted modes, leading to the need for basic curve-fitting processes to 

obtain the resonance and anti-resonance frequencies. These processes were realized 

with the Piezoelectric Resonance Analysis Program (PRAP, TASI Technical Software 

Inc., Kingstong, Canada), which has the ability to analyse the apparently noisy and 

badly coupled resonance spectra. In addition, some fundamental principles can be used 

to evaluate the physical validity of the obtained property matrix. The principles are as 

follows: 

1. The electromechanical coupling coefficient, kij, should always be less than one. 

If any of the coupling coefficients is larger than 1, the related data has a 

problem.   

2. For 4mm symmetry piezoelectric material, the piezoelectric constant, d31 < 0. 

Since all the piezoelectric constants should have the same signs, e31, g31 and h31 

should therefore all be negative as well (Bogdanov, S. 2000) 

3. For 4mm symmetry, the elastic compliance constants s12
E
, s13

E
, s12

D
, s13

D
 are 

negative (Jiang, W., R. Zhang, et al. 2003). 

4. The volume compressibility must be positive, so for 4mm symmetry 2s11
E
 

+ 2s12
E 

+ 4s13
E 

+ s33
E
 > 0 (Jiang, W., R. Zhang, et al. 2003). 

5. The elastic strain energy of a crystal should be positive, so for 4mm symmetry 

c44
E
 > 0, c66

E
 > 0, c11

E
 > |c12

E
| and c33

E
 (c11

E
 + c12

E
) > 2(c13

E
)
2
 (Jiang, W., R. 

Zhang, et al. 2003). 
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3.2.4. Full Property Matrices of PIN-PMN-PT and Mn:PIN-PMN-PT 

There are few reports in the literature of the full elasto-electric matrix of PIN-PMN-PT 

and even fewer for Mn:PIN-PMN-PT. In the work reported here, full set of elastic, 

piezoelectric and dielectric properties of both materials under ambient conditions were 

determined, adding information to the current database in the literature. 

 

Table 3.5: Measured full set of elastic, piezoelectric, and dielectric properties of PIN-PMN-PT single 

crystal at room temperature 

Elastic Compliance (sij: 10
-12

 m
2
/N) and Stiffness (cij: 10

10 
N/m

2
) constant 

 s
11

E

 s
12

E

 s
13

E

 s
33

E

 s
44

E

 s
66

E

 s
11

D

 s
12

D

 s
13

D

 s
33

D

 s
44

D

 s
66

D

 

Measured 46.8 -16.8 -21.4 39.2 15.1 48.0 37.0 -26.6 -5.4 10.2 13.7 48.0 

Reference 49.0 -20.0 -26.5 57.3 15.2 39.4 38.2 -30.8 -4.0 10.3 14.3 39.4 

 c
11

E

 c
12

E

 c
13

E

 c
33

E

 c
44

E

 c
66

E

 c
11

D

 c
12

D

 c
13

D

 c
33

D

 c
44

D

 c
66

D

 

Measured 8.4 6.8 8.3 11.6 6.6 2.1 9.1 7.5 6.6 16.8 7.3 2.1 

Reference 11.9 10.5 10.4 11.4 6.6 2.5 12.3 10.9 9.0 16.7 7.0 2.5 

Piezoelectric coefficients (dij: 10
-12

 C/N, eij: C/m
2
, gij: 10

-3 
Vm/N, hij: 10

8 
V/m) 

 d
33

 d
31

 d
15

 e
33

 e
31

 e
15

 g
33

 g
31

 g
15

 h
33

 h
31

 h
15

 

Measured 1030 -599 120 20.4 -5.4 8.0 28.0 -16.4 11.3 25.3 -6.7 8.3 

Reference 1320 -634 105 18.6 -4.8 6.9 35.6 -17.0 8.8 28.9 -7.4 6.5 

Electromechanical Coupling Factor kij  and Dielectric Constant εij/ε0  

 k
33

 k
31

 k
15

 k
t
   ε

33

T

 ε
11

T

 ε
33

S

 ε
11

S

   

Measured 0.86 0.46 0.30 0.55   4129 1197 908 1088   

Reference 0.91 0.47 0.25 0.57   4200 1335 729 1200   

Matrix Data obtained as reference from (Luo, Hackenberger et al. 2008) 

 

The full elasto-electric matrixes of PIN-PMN-PT single crystal, both measured and 

published (Luo, Hackenberger et al. 2008), are shown in Table 3.5. They are generally 

in reasonably good agreement as most of the parameters are within 20% tolerance. 

However, there are big differences between measured and published data in s66
E
 and the 

related s66
D
. This is attributed to two factors, one being the difference of measurement of 

s11
E45

 from d31
45:Z 

LTE plate and the other the measurement difference transferred from 
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s11
E
 and s12

E
. Other parameters with significant difference, more than 20%, are s33

E
 and 

d33 which depend on the measurement of the LE bar. As noted, the LE bar could have 

significant compositional variation and also variations in poling because of its long 

length in the [001] direction. As for the other derived parameters, the differences can be 

transferred or even magnified.  

 

Table 3.6: Measured full set of elastic, piezoelectric, and dielectric properties of Mn:PIN-PMN-PT single 

crystal at room temperature 

Elastic Compliance (sij: 10
-12

 m
2
/N) and Stiffness (cij: 10

10 
N/m

2
) constant 

 s
11

E

 s
12

E

 s
13

E

 s
33

E

 s
44

E

 s
66

E

 s
11

D

 s
12

D

 s
13

D

 s
33

D

 s
44

D

 s
66

D

 

Measured 33.4 -13.0 -23.9 77.7 15.4 22.3 27.0 -19.5 -1.5 9.1 14.2 22.3 

Reference 45.4 -15.9 -28.1 62.4 15.4 27.8 34.4 -26.9 -3.9 9.2 13.9 27.8 

 c
11

E

 c
12

E

 c
13

E

 c
33

E

 c
44

E

 c
66

E

 c
11

D

 c
12

D

 c
13

D

 c
33

D

 c
44

D

 c
66

D

 

Measured 21.5 19.3 15.3 10.7 6.5 4.5 10.8 8.7 15.3 16.1 7.0 4.5 

Reference 12.8 11.1 10.8 11.3 6.5 3.6 13.3 11.7 9.0 17.0 7.2 3.6 

Piezoelectric coefficients (dij: 10
-12

 C/N, eij: C/m
2
, gij: 10

-3 
Vm/N, hij: 10

8 
V/m) 

 d
33

 d
31

 d
15

 e
33

 e
31

 e
15

 g
33

 g
31

 g
15

 h
33

 h
31

 h
15

 

Measured 1492 -458 120 19.3 -2.9 7.7 46.0 -14.1 9.8 28.0 -3.2 7.0 

Reference 1341 -609 133 16.8 -5.2 8.6 39.7 -18.1 11.3 34.2 -10.7 8.3 

Electromechanical Coupling Factor kij and Dielectric Constant εij/ε0 

 k
33

 k
31

 k
15

 k
t
   ε

33

T

 ε
11

T

 ε
33

S

 ε
11

S

   

Measured 0.94 0.44 0.28 0.58   3527 1335 779 1233   

Reference 0.92 0.49 0.31 0.58   3811 1326 553 1169   

Matrix Data obtained as reference from (Luo, Hackenberger et al. 2010) 

 

Table 3.6 presents the full set of elastic, piezoelectric, and dielectric properties of 

Mn:PIN-PMN-PT measured in the present work and published. The values agree with 

each other generally but it can be seen that s11
E
, d31 and k31 have differences of more 

than 20%. Since all these parameters are directly measured from the LTE plate, the 

differences may be caused by the fluctuation of properties from sample to sample. Large 

differences also exist in s33
E
 and d33, indicating similar possible issues in the LE bar. In 

addition, the compositions of the single crystals presented here may be different from 
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those in the literature. Nevertheless, the results here shown that reasonable values for 

the full elasto-electric matrix of single crystal can be obtained.  

 

Comparing the full property matrices of the two single crystals, it is seen that Mn 

substitution in PIN-PMN-PT results in increased value of elastic stiffness constants 

(c11
E
, c12

E
, c13

E
) but comparable electromechanical coupling coefficients and 

piezoelectric coefficients. The quality factor, Qm = 527, of Mn:PIN-PMN-PT was 

calculated from the TE plate, about 4 times the value of PIN-PMN-PT, Qm = 144. As 

Mn:PIN-PMN-PT was developed specifically for applications with greater demands in 

terms of temperature and pressure, the application-oriented characterization described in 

the following section is particularly important.  

 

3.3. Application Oriented Characterization 

This section focuses on application-oriented characterization of the three generations of 

piezocrystals. Section 3.3.1 describes the test samples and outlines the measurement 

conditions. An automated functional characterization system is then introduced in 

Section 3.3.2. The use of standard measurement instrumentation is combined with 

environmental heating, from ambient temperature to approximately 200°C, and with the 

application of uniaxial pressure up to 60 MPa. In Section 3.3.3, the resulting material 

characteristics are related to fundamental properties, including crystallographic phase 

transitions and changes in elastic, dielectric and piezoelectric properties. Finally, 

performance comparisons between the three generations are discussed in Section 3.3.4. 

3.3.1. Sample Preparation 

The main focus of the work reported here is the characterization of representative Gen. 

II and Gen. III piezocrystals under different temperature and pressure conditions. For 

this purpose, commercially-available [001]-poled rhombohedral-phase samples of PIN-

PMN-PT and Mn:PIN-PMN-PT were obtained. Conventionally, multiple sample 

geometries corresponding to single modes of propagation are required to obtain 

complete elasto-electric matrices of piezoelectric materials according to IEEE standard. 

Recent work has indicated that the matrices can also be obtained from reduced sample 

sets using the ultrasonic pulse-echo technique (Zhang and Li 2012). However, neither 

technique is compatible with measurement of properties under combinations of elevated 
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temperature and pressure. Recognizing this limitation, the samples on which the results 

here are based are TE mode. A lot of useful information can be gained by characterizing 

TE mode samples, since many electroacoustic transducers use this TE mode. This 

method of incomplete but useful measurements on selected material configurations 

applies for other modes as well, since most transducers intentionally exploit only one 

mode, a great deal of use can be made of such characterization in estimating transducer 

performance, checking sample-to-sample uniformity, and elucidating the complex 

behaviour of piezocrystals under practical conditions (Liao, Qiu et al. 2015). Previously, 

characterization of piezoceramic and Gen. I piezocrystal using the same technique was 

also carried out, with results reported elsewhere (Qiu, Sadiq et al. 2011). 

 

For TE-mode samples, the width-to-thickness ratio was made equal to 10 to gain clear 

unimodal behaviour by thinning previously-electroded samples of thickness 1 mm and 

area 10 x 10 mm
2
 to 0.5 mm with a precision lapping machine (PM5, Logitech Ltd, 

Glasgow, UK) then dicing them into four identical quarters with a precision dicing saw 

(APD1, Logitech Ltd, Glasgow, UK), as shown in Figure 3.9. The electrode removed 

during thinning was reapplied using conductive Ag paint (Agar Scientific Ltd., Essex, 

UK). It was assumed that, as the four samples, each 5 x 5 x 0.5 mm
3
, were cut from the 

same larger sample, they would have the same composition and poling. Considering 

potential applications, the temperature and pressure conditions for each sample are 

listed in Table 3.7. For combined temperature and pressure, the procedure is shown in 

Figure 3.10. The environmental temperature was increased incrementally in steps, 

T = 20C, with the pressure cycled from P = 0 MPa to P = 60 MPa in steps, 

P = 10 MPa, at each temperature level. The pressure was then reduced before the next 

increase, T. 

 

Figure 3.9: Thickness mode samples, left, original, and right, for measurement 

 

 

                 -            
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Table 3.7: Materials and Measurement Conditions 

Material Geometry  Temperature (C) Pressure (MPa) 

PIN-PMN-PT 5x5x0.5mm
3
  20-180 0 

PIN-PMN-PT 5x5x0.5mm
3
 20 0-60 

PIN-PMN-PT 5x5x0.5mm
3
 20-100 0-60 

Mn:PIN-PMN-PT 5x5x0.5mm
3
 20-180 0 

Mn:PIN-PMN-PT 5x5x0.5mm
3
 20 0-60 

Mn:PIN-PMN-PT 5x5x0.5mm
3
 20-100 0-60 

 

 

Figure 3.10: Procedure for combined temperature and pressure characterization 

3.3.2. Automated Functional Characterization System 

A general view of the experimental system is shown in Figure 3.11. The samples were 

tested in a bespoke temperature-controlled oven integrated with an Instron Material 

Testing System (MTS) (SID 5564, Instron Ltd, High Wycombe, UK). The samples were 

heated evenly by circulating hot air. This approach does not allow for localized heating 

caused by transducer behaviour under high drive conditions. However, the results still 

provide valuable indications of temperature related performance (Wallace, Cochran et al. 

2007). The oven allowed the application of accurately-controlled uniaxial pressure 

through holes in the top and bottom allowing access for the MTS applicator bars. 

Uniaxial applied pressure is typical of many applications, particularly with mass-spring 

transducer designs (Stansfield and Moffett 1992) . A brass holder was used to hold the 

sample stable and to allow its temperature to be monitored. The dry contact between 
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this holder and the sample, combined with the intrinsic roughness of the contacting 

surfaces provided acoustic isolation.  

 

During operation, the temperature was measured with a thermocouple positioned 

adjacent to the sample in the holder and the pressure was accurately controlled and 

monitored by the Instron MTS. The measurements were made with an electrical 

impedance analyser connected through a heat resistant coaxial cable (Belden, Richmond, 

IN, USA). All cables were kept as short as possible and a full calibration and 

compensation procedure was done before each measurement, first calibrating the 

impedance analyser instrument then compensating for test fixture effects. 

 

 

(a) 

 

(b) 

 

Figure 3.11: (a) General view of experimental measurement system, and (b) detail of sample in oven. 

 

An automated characterization system was developed to control the temperature and 

pressure and to record the impedance spectra, as presented in Figure 3.12. This system 

was realized by combining diverse control units with a single LabVIEW program 

(National Instruments, Houston, TX, USA). The program adjusts the pressure by 

sending commands to the Bluehill software controlling the Instron MTS and the same 

principle was applied to set and maintain the temperature, based on a conventional 

proportional-integral-derivative (PID) controller. For impedance measurement, a high 

resolution system was developed. The 4395A impedance analyser provides a maximum 

of 801 sampling points, which allows only relatively poor resolution for large frequency 

ranges. Consequently, in the experiments described here, the required frequency range 

was divided into smaller intervals. 801 sampling points were then obtained for each 
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interval, providing high resolution data and allowing the user to extract relevant 

piezoelectric parameters with improved accuracy from a single experiment. This 

resulted in a maximum frequency error of ±200 Hz. The corresponding errors are ±2C 

for temperature and ±0.4 MPa for pressure.  

 

 

Figure 3.12: Diagram of automated piezoelectric material characterization system 

 

To calculate the material parameters, all the impedance data acquired under different 

temperature and pressure conditions were transferred into a spreadsheet which 

implemented the relevant subset of equations from the previously published IEEE 

standard. Even with the aspect ratio of the samples defined for unimodal TE mode 

operation, it was found that piezocrystal was susceptible to minor unwanted modes 

disturbing the impedance characteristics, especially at high temperatures and pressures. 

Therefore, basic curve-fitting was also implemented prior to further analysis.  

3.3.3. Experimental Results 

Based on the piezoelectric functional characterization system, measurements were 

carried out on two generations of piezocrystals, PIN-PMN-PT and Mn:PIN-PMN-PT, 

respectively. The parameters considered here are relative dielectric constant, εr33
S
, 

stiffness coefficient, c33
D
, piezoelectric coefficient, e33, and electromechanical coupling 

coefficient, kt, as these provide useful information across a wide range of materials and 

applications. Measurement results on PMN-PT are also included from the literature 

(Qiu, Sadiq et al. 2011) as they provide useful data for comparison. 

 

Impedance Spectra with Elevated Temperature and Pressure   

As an illustration of the characterization method, Figure 3.13 presents electrical 

impedance spectra of a 5 x 5 x 0.5 mm
3
 TE mode plate of Mn:PIN-PMN-PT, with 

varying temperature, T, and pressure, P. The frequency ranges for these graphs were 
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chosen to centre the TE-mode resonance, with lateral resonances also appearing at much 

lower frequencies. Although the minor modes are not analysed in further detail, they 

provide clear evidence of behavioural changes with environmental conditions. As 

described previously, temperature and uniaxial compressive stress were applied 

simultaneously to the sample, following a pre-programmed testing protocol. Although 

impedance spectra have been recorded for every condition and are further analysed in 

later sections, only selected results are presented here: Figure 3.13 (a-c) present results 

for 20°C ≤ T ≤ 100°C with P ambient; similarly, Figure 3.13 (d–f) present results for 

0 MPa ≤ P ≤ 60 MPa at ambient temperature; and Figure 3.13 (g–i) show the combined 

effects of T and P, with T = 80°C and 0 MPa ≤ P ≤ 60 MPa. 

 

As expected, Mn:PIN-PMN-PT is relatively stable over the application-oriented 

temperature range up to 100°C, shown in Figure 3.13, taking into account that TR-T  > 

120°C. The resonance frequencies and magnitudes for the minor lateral resonances and 

the main TE resonance decrease as only T increases. Similarly, the application of only P 

impedes the vibration in both the planar and thickness directions, shown as decreases in 

the resonance frequencies and magnitudes. The effect of pressure is obvious even as low 

as P = 10 MPa. Combined T and P have increased influence on piezoelectric behaviour, 

noting a significant decrease in Figure 3.13 (i). 
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Figure 3.13: Characterisation of Mn:PIN-PMN-PT: (a) Configuration for variation of temperature at pressure of 0 MPa with measurement of (b) impedance magnitude and 

(c) impedance phase. (d) Characterisation configuration for variation in pressure at ambient temperature with measurement of (e) impedance magnitude and (f) impedance 

phase. (g) Characterisation configuration for variation in temperature and pressure with measurement of (h) impedance magnitude and (i) impedance phase.
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Property Variation with Environmental Temperature  

Using the IEEE resonance method, it is possible to derive specific material properties 

from the impedance spectrum. With the TE mode plates under test, r33
S
, kt, e33, and c33

D
 

can be derived. Figure 3.14 presents the variations in the four selected piezoelectric 

properties with elevated environmental temperature, for all three generations of 

piezocrystals. These measurements were conducted in the range of 20°C ≤ T ≤ 180°C. 

For PMN-PT, for which the expected range for use in applications is approximately 

20°C - 80°C, r33
S
 shows reasonable uniformity up to around 80°C. A perturbation is 

then observed in the interval 90°C < T < 120°C, corresponding to the phase transition 

zone (Tian and Han 2014). With temperature increasing towards 130°C, r33
S
 

experiences a significant increase which indicates that the material is depoled and 

piezoelectric behaviour disappears.  

 

In comparison, PIN-PMN-PT maintains piezoelectric behaviour and is stable for 

T ≤ 120°C. A phase transition then occurs in the range 120°C < T < 160°C, about 30°C 

higher than for PMN-PT. For T > 160°C, the piezoelectric property deteriorates 

significantly, approaching Tc, reported at around 180°C (Zhang, Liu et al. 2011). 

Mn:PIN-PMN-PT is expected to be less temperature dependent than PIN-PMN-PT and 

PMN-PT because of the presence of Mn dopant (Zheng, Sahul et al. 2013). In       

Figure 3.14 (b), the phase transition of Mn:PIN-PMN-PT is shown in the range 

140°C < T < 170°C, and Tc is not approached at or below 180°C, as expected from the 

literature (Huo, Zhang et al. 2012). Table 3.8 lists the variations of the four properties 

over the range of 20°C ≤ T ≤ 80°C, before PMN-PT piezocrystal experiences the R-T 

phase transition. The results indicate more stable piezoelectric behaviour of PIN-PMN-

PT and Mn:PIN-PMN-PT than PMN-PT under suitable working temperature.  
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(a)                    (b) 

 

(c)                   (d) 
Figure 3.14 Variation with T between three generation of piezocrystals on properties of (a) ɛr33

S
,  (b) kt, (c) 

e33 and (d) c33
D
. (PMN-PT results adapted from (Qiu, Sadiq et al. 2011) 

 

Table 3.8: Variation with T for three generations of piezocrystals, 20°C ≤ T ≤ 80°C  

(Reference T = 20°C) 

(20°C < T < 80°C) ɛr33
S
(%) kt  (%) e33 (%) c33

D 
(%) 

PMN-PT +53.7 -19.2 +5.2, -5.9 +1.1, -8.5 

PIN-PMN-PT +29.0 -1.4 +10.4 -2.7 

Mn:PIN-PMN-PT +26.7 -1.1 +6.9 -4.1 

‘+’: maximum variation above the reference;  

‘-‘: minimum variation below the reference 
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Property Variation with Uniaxial Pressure  

Figure 3.15 presents the variations of r33
S
, kt, e33, and c33

D
 with applied uniaxial 

pressure for all three generations of piezocrystals. The results for PIN-PMN-PT and 

Mn:PIN-PMN-PT were obtained using the automatic system described in Section 3.2.2 

and the results for PMN-PT are taken from the previous work (Qiu, Sadiq et al. 2011) 

for comparison. Considering the range 0 ≤ P ≤ 20 MPa under which the PMN-PT 

sample was tested, pressure affects PMN-PT less compared with the other two 

materials. This may be because different test fixtures were used to contact the samples 

in these two sets of experiments. In previous work, a small glass-fibre reinforced 

polymer (GFRP) printed circuit board (PCB) was used to contact each sample, but here, 

a machined brass holder was used to allow more flexibility in handling different sample 

geometries.  

 

Despite the differences in the magnitudes of the variations for the three generations, the 

trends are in reasonable agreement. For PMN-PT, perturbations are evident for 10 MPa 

≤ P ≤ 14 MPa that may be termed the phase transition zone induced by the uniaxial 

compressive pressure. For PIN-PMN-PT, this pressure range is extended to around 

20 MPa. For Mn:PIN-PMN-PT, this pressure range is even higher in the range 20 MPa 

≤ P ≤ 30 MPa. This validates the fact that the Mn acceptor dopant has hardened the 

material to allow it to work under more demanding conditions. 

 

Details of the variations for PIN-PMN-PT and Mn:PIN-PMN-PT are listed in Table 3.9, 

with pressure in the range 0-60 MPa. The variations of PMN-PT are not included due to 

its different and rather small pressure-testing range, below 20 MPa. Larger variations of 

all four parameters of Mn:PIN-PMN-PT was observed, compared with PIN-PMN-PT. 

This means the Mn:PIN-PMN-PT has more significant performance degradation when 

the pressure exceeds the phase transition zone, though its phase transition zone is 

slightly higher. 
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(a)                    (b) 

 

(c)                    (d) 
Figure 3.15: Variation with pressure between three generations of piezocrystals on properties of (a) ɛr33

S
,  

(b) kt, (c) e33 and (d) c33
D
. (PMN-PT results adapted from Qiu, Sadiq, et al. 2011) 

 

Table 3.9: Variation with Pressure for two generations of piezocrystals,  

0 MPa ≤ P ≤ 60 MPa (Reference P = 0 MPa) 

(0 MPa < P < 60 MPa) εr33
S
(%) kt  (%) e33 (%) c33

D 
(%) 

PIN-PMN-PT +90.8 -43.7 -29.9 -18.9 

Mn:PIN-PMN-PT +107.8 -56.4 -44.2 -21.0 

‘+’: maximum variation above the reference; 

‘-‘: minimum variation below the reference 
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Property Variation with Combined Temperature and Pressure 

To look at the dual influences of environmental temperature and uniaxial pressure 

simultaneously, Figure 3.16 and Figure 3.17 present the variations for the four key 

piezoelectric properties in PIN-PMN-PT and Mn:PIN-PMN-PT, respectively. Variations 

in the characteristics are shown for 20°C ≤ T ≤ 100°C with a step of 20°C and for 0 ≤ P 

≤ 60 MPa with a step of 10 MPa. 

 

As illustrated in Figure 3.16, for 20
o
C ≤ T ≤ 80

o
C, both kt and c33

D
 of PIN-PMN-PT 

decrease with P, while εr33
S
, on the contrary, increases with increasing T and P, and e33 

decreases with P and increases with T in general. At T = 100
o
C, the opposite trend was 

observed, with kt, c33
D

 and e33 rising, and εr33
S
 falling in value following increased P. It is 

believed that the combined effect of applied cycles of P and increases in T has induced a 

phase transition at lower temperature, with the piezocrystal transferring from the 

rhombohedral to orthorhombic phase, as suggested by McLaughlin (2005).  
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PIN-PMN-PT 

 

(a)                     (b) 

 

(c)                     (d) 
Figure 3.16: Property variation caused by environmental temperature and uniaxial pressure for PIN-PMN-

PT on (a) εr33
S
, (b) kt, (c) e33 and (d) c33

D
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Mn:PIN-PMN-PT 

 

(a)                       (b) 

 

(c)                      (d) 
Figure 3.17: Property variation caused by environmental temperature and uniaxial pressure for Mn:PIN-

PMN-PT on (a) εr33
S
, (b) kt, (c) e33 and (d) c33

D
. 

 

Mn:PIN-PMN-PT, shown in Figure 3.17, behaves similarly, except that the same 

general trends are maintained for all four properties even at T = 100
o
C. Again, this 

provides evidence that Mn:PIN-PMN-PT is more resilient to T and P, and thus likely to 

be more suitable for high power applications. However, as indicated in Table 3.11 and 

Table 3.12 in later discussion, the absolute variations in Mn:PIN-PMN-PT are larger 

compared to PIN-PMN-PT. This is likely to be because the deteriorating trends in 

Mn:PIN-PMN-PT with T and P, especially with P, did not recover after the phase 

transition. 

 

Section Discussion 

A summary is given in Table 3.10 on the basic temperature and pressure characteristics 

of the three generations of piezocrystal as considered in this work. The data are 

generally in good agreement where comparison is possible with the literature. In 
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consideration of high power transducer operation, this suggests that Generation II and 

III piezocrystals (PIN-PMN-PT and Mn:PIN-PMN-PT respectively) have usefully 

raised temperature limits. However, phase transitions and performance deterioration 

under the influence of pressure are concerning. 

 

Table 3.10: Basic comparison between three generations of piezocrystals 

Crystal TC 
◊
(°C) TC

*
 (°C) TR-T 

◊ 
(°C) TR-T

*
 (°C) 

PMN-PT 135 ≈130 96 ≈100 

PIN-PMN-PT 191 >180 125 ≈130 

Mn:PIN-PMN-PT 193 >180 119 ≈150 

Crystal σR-O 
◊ 
(MPa) σR-O * (MPa)   

PMN-PT ≈15 MPa ≈10 MPa   

PIN-PMN-PT ≈20 MPa ≈20 MPa   

Mn:PIN-PMN-PT >21 MPa >20 MPa   
* Measured values in this study 

◊ Literature values (McLaughlin, Liu et al. 2004; McLaughlin, Liu et al. 2005; Finkel, Robinson et al. 

2010; Zhang, Taylor et al. 2013; Zhang, Li et al. 2015) 

Figure 3.18 summarizes the variations in the key material parameters with temperature 

and pressure. As expected from many previous reports, r33
S
 increases with T; however, 

P has relatively less effect.  Electromechanical coupling coefficient, kt, and stiffness 

constant, c33
D
, are significantly higher at ambient T and P, and they generally fall as 

either or both of these parameters increases. In both cases, the performance reduction is 

likely to be sufficient to need to be taken into account if the operating range of the 

device is likely to include the limits of T and P considered here. Besides, e33 exhibits the 

most complicated characteristics. Mn:PIN-PMN-PT shows relatively little change with 

T but a generally falling trend with P. PIN-PMN-PT shows similar characteristic up to 

60°C then a recovery to the value at ambient temperature for all values of P. This may 

be caused by a phase transition mediated by T and P.  
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Figure 3.18: A summary of the variation of key parameters of PIN-PMN-PT and Mn:PIN-PMN-PT with 

varying temperature and pressure on εr33
S
,  kt, c33

D
, e33 and one figure of merit (kt

2
e33).   

 

The figure of merit (FOM), kt
2
e33, is commonly employed to characterize the 

performance or effectiveness of piezoelectric material (Sun and Cao 2014). Thus it is 

shown in Figure 3.18 for PIN-PMN-PT and Mn:PIN-PMN-PT and the values are 

detailed in  Table 3.11 and Table 3.12 respectively, with the addition of variances 

calculated from ambient to peak T and P. PIN-PMN-PT generally exhibits less variance 

in FOM than Mn:PIN-PMN-PT, crucially at a combination of the highest values of T 

and P. This suggests that a phase transition is responsible for the variation under the 

extreme of the conditions considered here. It is also notable that the values for FOM 

reduce very significantly from ambient values as T and P increase.  
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Table 3.11: Detail of FOM kt
2
e33 (C/m

2
) for PIN-PMN-PT with variation in T and P 

T / P  0 MPa 10 MPa 20 MPa 30 MPa 40 MPa 50 MPa 60 MPa Variation 

20 ˚C 5.16 3.52 1.89 2.07 1.99 1.88 1.15 -77.8% 

40 ˚C 3.36 2.26 1.65 1.74 1.82 1.46 1.00 -70.3% 

60 ˚C 3.04 2.23 1.62 1.59 1.58 1.56 1.14 -62.4% 

80 ˚C 2.62 2.01 1.89 1.67 1.60 1.55 1.48 -43.5% 

100 ˚C 1.80 1.96 2.12 2.24 2.39 2.20 2.60 44.7% 

Variation -65.1% -44.4% 12.2% 8.3% 20.6% 17.1% 127.2% -49.5% 

 

Table 3.12: Detail of FOM kt
2
e33 (C/m

2
) for Mn:PIN-PMN-PT with variation in T and P 

T / P  0 MPa 10 MPa 20 MPa 30 MPa 40 MPa 50 MPa 60 MPa Variation 

20 ˚C 4.42 3.09 1.67 1.56 1.24 0.80 0.64 -85.6% 

40 ˚C 3.12 2.50 1.38 1.39 0.91 0.62 0.57 -81.6% 

60 ˚C 2.84 2.56 1.44 1.29 1.16 0.73 0.80 -71.9% 

80 ˚C 2.32 2.08 1.62 1.25 1.26 0.60 0.72 -68.9% 

100 ˚C 2.25 1.77 0.89 0.82 0.62 0.60 0.47 -79.1% 

Variation -49.2% -42.7% -46.6% -47.5% -50.0% -25.0% -26.3% -89.4% 

 

As summarized in Table 3.11 and Table 3.12, deterioration in piezocrystal functional 

performance under a combination of temperature and pressure has been noted. Early 

characterization was done on LE and LTE modes with T and P applied, and phase 

transitions were examined to explain the performance variations (McLaughlin, Liu et al. 

2005). A satisfactory dimensional height : width : depth ratio was suggested as 3:1:1 to 

define a LE mode bar for the application of pressure (McLaughlin, Liu et al. 2004). 

Following that work, with the development of PIN-PMN-PT, characterization was done 

under elevated temperature, pressure and electric field with special attention focused on 

the stress-induced ferroelectric rhombohedral (FR) to ferroelectric orthorhombic (FO) 

phase transition which occurs at  = 20 MPa (Finkel, Robinson et al. 2010). This is 

consistent with the measurements presented here. Another study was reported in 2013, 

including the newly developed Mn:PIN-PMN-PT, with uniaxial pressure and different 

electric fields, and reductions in the piezoelectric constant, d32, were demonstrated in 

both PIN-PMN-PT and Mn:PIN-PMN-PT (Zhang, Taylor et al. 2013). The results 

reported here add evidence of such performance reductions and reinforce the need for 
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functional characterization of new piezocrystal materials to allow device designers to 

estimate the effects of their behaviour on practical performance.   

 

3.4. Discussion and Conclusions 

The exploitation of the high performance of piezocrystals brings with it the need to 

obtain the full property matrix and consider performance variations caused by practical 

conditions. This chapter has reported on two relevant topics. One is how to obtain the 

full property matrix of PIN-PMN-PT and Mn:PIN-PMN-PT single crystals under 

ambient conditions and the other is application-oriented characterization to determine 

trends in the intrinsic behaviour when three generations of single crystals are subject to 

changes of temperature and pressure in practical use. This research has been based on a 

measurement system including an oven for elevated temperatures and a material testing 

system for the application of uniaxial pressure, as described in Section 3.2.2. 

 

Using this system, it has been shown that Generation I, PMN-PT, is relatively sensitive 

to temperature, though with the highest peak performance under ambient conditions. 

Given the low coercive field values reported in the literature (Luo, Hackenberger et al. 

2008), this suggests PMN-PT is most suitable for applications demanding low average 

power levels and with low excitation fields to avoid the need for DC bias. This matches 

practical experience, in which PMN-PT is now the material of choice for biomedical 

imaging. Generation II, PIN-PMN-PT, and Generation III, Mn:PIN-PMN-PT, 

piezoelectric materials have been developed specifically for applications with greater 

demands in terms of temperature and pressure, matching the needs of actuation of 

surgical tools. Here, it has been confirmed that samples of both generations have higher 

phase transition and Curie temperatures than Generation I PMN-PT. However, pressure 

in the range to 60 MPa appears to have a seriously detrimental effect on parameters 

such as TE mode coupling coefficient, kt, and Figure of Merit, FOM = kt
2
e33. In 

addition, specific measurements suggest relatively little or no advantage from Mn-

doping in terms of immunity to environmental pressure. 

 

One issue that has been considered in a preliminary way is the effect of pressure cycling 

or fatigue. Measurements were performed on PIN-PMN-PT and Mn:PIN-PMN-PT, 

compared with the hard piezoceramic, PZT4. For both piezocrystals, property variations 
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are particularly evident for 0 ≤ P ≤ 25 MPa; after only three pressure cycles, kt was 

found to have suffered permanent reductions in both materials. In contrast, the 

properties of PZT4 were much more stable under loading and there was no long-term 

change upon completion of a small number of pressure cycles. 

 

FEA technique helps to verify transducer design validity but generally requires the full 

elasto-electric matrix. Measurement of this matrix under varying conditions of 

temperature, pressure and electric field, in principle, allows the transducer to be 

simulated under a range of operating conditions. However, whilst measurement is 

feasible over a range of temperatures, it is difficult at elevated pressure because of the 

likelihood of mechanical damage, especially for the LE mode bar. In this context, 

techniques similar to those reported by Tang and Cao (2015) may be helpful, using the 

elasto-electric matrix of a known piezoelectric material as an initial condition and 

applying optimization techniques to reduce the number of samples required to obtain 

the elasto-electric matrix for the new material. Such techniques are also beginning to 

find favor in commercial FEA packages, and it is expected that these will be combined 

with the external application of temperature and pressure in due course. 

 

In the next chapter, a novel design of needle actuation transducer is proposed in 

consideration of the advantages and limitations of the piezocrystals. FEA technique was 

carried out to adequately design the ultrasound transducer, using the existing data and 

the data obtained through experimental characterization. Detailed performance 

characterization and comparison between transducers made with different materials are 

also described. 
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Chapter 4. DESIGN AND CHARACTERIZATION OF NEEDLE 

ACTUATING DEVICE 

Various techniques applied to enhance the needle visualization have been reviewed in 

Chapter 2. One of these technologies, the vibrating needle combined with colour 

Doppler, was proposed as a potential solution for accurate needle insertion. With the 

needle vibrating at a low ultrasonic frequency and the use of colour Doppler ultrasound 

imaging, it was observed that the visibility of the needle could be improved and the 

needle became easily recognized from surrounding tissue with complicated structure. 

Furthermore, the penetration force was reduced because of the longitudinal mode 

ultrasonic vibration (Sadiq 2013). Therefore, the ultrasound actuated needle becomes a 

potential solution for the needle visibility problems encountered during the regional 

anaesthesia. 

However, the current design of needle actuating transducer based on the mass-spring 

configuration is clumsy and complicated to manufacture. Instead small, simple, 

lightweight devices with high performance and low spatial volume are preferred in the 

medical industry. This led to investigation of the use of piezocrystals since these 

recently developed piezoelectric materials show great potential to supersede traditional 

piezoceramics in a range of applications, mainly because of their high strain and 

coupling coefficients (Zhang, Li et al. 2013; Zhang, Li et al. 2015). However, the 

pressure-sensitive nature of piezocrystal (Liao, Qiu et al. 2015) limits its use in mass-

spring transducers for the ultrasound-actuated needle application, because prestress up 

to 40 MPa is needed for this design (Sherman and Butler 2007). Results in Chapter 3 

have shown the variation of key properties with pressure up to 60 MPa , with the 

coupling coefficient, kt, and piezoelectric coefficient, e33, dropping significantly under 

an initial 20 MPa uniaxial pressure, to the extent that the degraded piezoelectric 

properties are worse than those of PZT ceramics. This suggests that it is desirable to 

avoid direct pressure loading of piezocrystals when they are assembled into transducers 

and that the mass-spring design is not the best for piezocrystal application.  

 

Therefore, the objective of the work reported in this chapter was to study an alternative 

needle actuating transducer design utilizing d31-mode piezoceramic and potential further 
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improvements in its performance by implementing it with piezocrystal. This chapter 

details the development of a d31-mode needle actuating transducer from simulation to 

fabrication and demonstration. The transducer configuration was designed and 

developed using finite element modelling (FEM). This work is reported in Sections 4.1 

and 4.2. Materials and methods used for the fabrication of the transducers are reported 

in Section 4.3. Section 4.4 presents the characterization results and detailed performance 

comparisons between the transducers. The work here is based on the hypothesis that the 

significant improvement of material properties can be exploited in practice in additional 

performance in N.A. transducers. Therefore, PZT4, PMN-PT and Mn:PIN-PMN-PT 

single crystals were used to fabricate transducers with the same configuration. Finally, 

the results are discussed in Section 4.5, followed by suggested future work. 

 

4.1 Design 

4.1.1 Design Considerations 

First of all, considering the typical requirements of the end-users, in this case 

experienced anaesthetists and interventional radiologists, the design was carried out 

based on the following requests: 

 

1. Use with standard, unmodified needles: The device is targeted at standard 

needles with gauge size larger than 20. To allow enough usable needle length 

and leave space for the transducer when attached to needle, the needles should 

have length larger than 90 mm. 

2. Small and hand-held: The device should be small enough to be held easily and 

comfortably in the hand. 

3. Easy to use: The assembly of the transducer and the needle should be simple and 

straightforward. Users should be able to operate it easily without intensive 

training. 

 

Second, because of the pressure-sensitive nature of piezocrystal, it is necessary to 

explore alternative designs that may take advantage of the high performance of 

piezocrystals. A pertinent example is the simplified approach in which it is possible to 

directly bond the piezoelectric drive components to a planar tool (Lal and White 1996; 
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Friedrich, Lockhart et al. 2012). Based on this approach and considering the typical 

requirements of end-users, the structure of the proposed device utilizing the d31-mode of 

piezoelectric plates is detailed in Section 4.1.2.  

4.1.2 Detailed Design Considerations 

In general, a piezoelectric ultrasound actuator consists of several parts, including 

piezoelectric material to generate the ultrasonic vibration, a front mass to transfer the 

vibration energy to the end effector, a booster to amplify the vibration, and a back mass 

to support the other parts. The design considerations for each part are discussed below. 

 

Front mass and booster 

The ultrasonic booster, also known as the ultrasonic horn, is widely used in high power 

ultrasound applications to amplify vibration. The basic principle is to concentrate the 

energy generated over a larger area into a smaller area. Subsequently, high vibration 

amplitude or energy density is obtained in the smaller area (Peshkovsky and 

Peshkovsky 2007). In the design of a needle actuating transducer (N.A. transducer), the 

front mass can be specially designed to work as a booster in the longitudinal mode. This 

greatly reduces the total length of the transducer by combining the front mass with the 

booster. 

 

From the aspect of the ultrasonic booster, the amplification factor and resonant 

frequency are most concerned, and they are determined, respectively, by the shape and 

length of the ultrasonic booster. The most commonly used booster profiles are 

exponential, conical, stepped and catenary, and the amplification factors of these four 

profiles are calculated as shown in Table 4.1 (Abramov 1999). A conical booster is 

simple and easy to design and fabricate but the amplification factor is low. An 

exponential booster also has a low amplification coefficient but has advantages in its 

smooth stress distribution (Wang and Nguyen 2014). The amplification of a catenary 

booster is greater than that of conical and exponential designs and less than that of 

stepped ones (Abramov 1999).  
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Table 4.1: Profiles of the commonly used ultrasonic boosters and corresponding amplification factor 

(Abramov 1999) 

Booster type Profile Amplification factor M 

Conical 

 

 

 

 

 

 

 

 

𝑀 = 𝑁(cos 𝑘𝑙 −
𝑁 − 1

𝑁𝑘𝑙
sin 𝑘𝑙) 

Exponential 

 

 

 

 

 

 

 

𝑀 = 𝑁 

Catenary 

 

𝑀 =
𝑁

cos(√𝑘2 − (
csch−1 𝑁

𝑙
)2𝑙)

 

Stepped 

 

 

 

 

 

 

 

𝑀 = 𝑁2 

Amplification factor M: Ratio of the displacement or vibrational velocity at the 

booster ends (𝒗𝒍/𝒗𝟎) 

Area coefficient N: Square root of area ratio at booster ends (√𝑺𝟎 𝑺𝒍⁄  ) 

k: Number of wave cycles 

S0: Cross section area of the input surface 

Sl: Cross section area of the output surface 
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A stepped booster possesses the maximum amplification factor for the same area 

coefficient and is easiest to fabricate. However, the abrupt change in the cross section of 

a stepped booster causes high local stress. For a transducer for needle actuating , only 

low power, typically no more than several Watts, is normally used (Liao 2015). 

Therefore, the stress concentration should not exceed the ultimate strength of metal 

components. This can be checked with finite element model (FEM) to ensure a 

satisfactory working condition before final fabrication. Consequently, the stepped 

booster structure was chosen as the structure for the front mass. 

 

Several other issues also need to be considered in the design of the front mass. Firstly, 

piezoelectric plates need to be fixed to it in a proper way, so that no pressure is directly 

applied on the piezoelectric plates. This is especially important for piezocrystals. 

Secondly, the ultrasound energy needs to be effectively transferred from the 

piezoelectric plates to the front mass. Hence, a well-designed structure to hold the 

piezoelectric plates was one of the main concerns in this design. Thirdly, a critical issue 

is how to transmit the ultrasonic vibration effectively from the front mass to the needle. 

The needles used here are standard anaesthesia needles and they cannot be modified. 

Additionally, the needle cannot be glued or soldered to the front mass because it should 

be easily replaceable for use on different patients. Consequently, mechanical clamping 

of the needle is a good solution. However, the clamp should be designed so that it can 

clamp the needle tightly enough to avoid energy loss but also allow the assembly to be 

easily taken apart. 
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Figure 4.1: Initial design of front mass 

 

Considering the booster design and all the other issues discussed above, the front mass 

was designed to be formed by two parts: a cylindrical lower part with larger diameter, 

D1, and a cylindrical upper part with smaller diameter, D2, as shown in Figure 4.1. The 

lower part of the front mass is used to hold the piezoelectric plates and the upper part is 

used for clamping the needle. In the design, a hole is first drilled through the centre of 

the entire front mass to allow a needle to be inserted. Then a larger diameter hole is 

made in the lower part to reduce the mass and, more importantly, further increase the 

compliance of the front mass. In addition, the piezoelectric plates must be 

symmetrically attached on the lower part of front mass, otherwise the vibration could be 

greatly reduced and significant bending modes could occur due to the asymmetric 

arrangement of the plates on the front mass. Therefore, the lower part of the front mass 

must be modified to help locate the positions of piezoelectric plates during assembly. 

Consequently, four flat surfaces with the same width as the piezoelectric plates were cut 

at 90° intervals around the lower part of the front mass, as shown in Figure 4.2. This 

means that piezoelectric plates can be easily attached to the four flat surfaces in 

symmetrical arrangement. 
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Figure 4.2: Schematic diagram of the modified front mass 

 

Clamping part 

For the upper part of the front mass, a clamping arrangement needs to be designed. This 

design consists of a clamping cap and the upper part of front mass itself. The clamping 

cap was designed as a cylinder with threaded hole inside and a chamfer at the top, as 

shown in Figure 4.3 (a). The upper part of the front mass was composed of two 

structures, one being a tube with an external thread and the other a needle gripper with 

four symmetrical slots, as shown in the Figure 4.3 (b). The internal thread of the cap 

matches the external thread of the front mass so that the clamping cap can be screwed 

onto the front mass, as shown in Figure 4.3 (c). The needle would first be inserted 

through the hole and then clamped by screwing the cap on tightly. The slope inside the 

cap causes a change in the diameter of the gripper, consequently clamping the needle.   
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(a) 

 

(b) 

 

(c) 

 

Figure 4.3: Configuration of clamping part: (a) clamping cap with internal thread; (b) upper part of front 

mass; (c) needle clamped by the gripper 

 

Back mass 

To enhance forward transmission of ultrasonic energy, mass is added at the back of the 

transducer. It is necessary for the position of nodal plane of the transducer to be within 

the length of the back mass, because it is difficult to design a flange on the front mass 

with piezoelectric material bonded in the same place. Additionally, the back mass is 

designed to support the other parts of the transducer and work as a holder for the device 

in use. 

 

In the present transducer design, the back mass is a cylinder with a central axial hole, 

four further threaded holes and a flange, as shown in Figure 4.4. The central hole leaves 

space for the injection part of the anaesthesia needle. The four threaded holes on the top 

surface are used to attach the front mass to the back mass. The flange is located at the 

position of the nodal plane and is used for connection with the housing.  

 

(a) 

 

(b) 

 

Figure 4.4: CAD view of back mass: (a) isometric view; and (b) cross-section view 
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Selection of materials 

The materials used for an ultrasound transducer are vital to achieve high performance. 

The present N.A. transducer includes two types of material: piezoelectric material, 

which generates the vibration, and metals, which control and transmit the vibration.  

 

Selection of metal 

The metal materials of the front and back masses are normally different due to different 

functions of the two different parts. Most of the vibration should be guided towards the 

front mass rather than the back mass where it is not required and therefore leads to 

energy loss. For effective transmission of acoustic energy, the material used for the front 

mass normally has acoustic impedance between that of the piezoelectric material and 

the medium into which the vibration is transmitted, while the back mass should have the 

highest possible acoustic impedance (Hawkins and Gough 1996). The selection of 

materials for the front and back masses therefore becomes an important step in the 

design process.  

 

Traditionally, for actuator applications, to allow most of the vibration to be located in 

the front mass and to position the nodal plane within the back mass, a front to back 

mass ratio 1:10 (by weight) is considered desirable. (Sadiq 2013). The most commonly 

reported materials for the front mass are aluminium alloy (Wevers, Lafaut et al. 2005; 

Da Silva, Franceschetti et al. 2006) and titanium alloy (Al-Budairi 2012) while steel 

(Chilibon 2002; Sherman and Butler 2007) is normally used for the back mass. 

Mechanical properties of the relevant metals are shown in Table 4.2. 

 

Table 4.2: Mechanical properties of relevant metals (MacBeath 2006) 

Material 

Young’s 

modulus 

(GPa) 

Density 

(kg/m
3
) 

Acoustic 

Impedance 

(Ns/m
3
×10

6
)
 

Longitudinal 

Wave 

Velocity 

(cmµs
-1

) 

Poisson’s 

ratio 

Ultimate 

Strength 

(MPa) 

Stainless 

Steel grade 

316 

193 8000 41.2 0.525 0.30 515 

Aluminium 

alloy  
69 2712 14.25 0.500 0.33 475 

Titanium 

alloy 
113 4430 39.2 0.490 0.34 950 
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Another factor affecting the selection of the metals is fabrication. Although both 

titanium alloy and aluminium alloy are suitable for the front mass, their machining 

difficulties and costs are quite different. Aluminium alloy has the advantage of easy 

machining and is much cheaper than titanium alloy. Considering the small size and 

complex design of the front mass in the present design, aluminium alloy is the better 

material. Therefore, in this N.A. transducer design, the material of front mass was 

aluminium alloy and the material of the back mass was stainless steel.  

 

Selection of piezoelectric material 

The performance of ultrasound devices significantly depends on the driving components 

made with piezoelectric material. Piezoelectric ceramics and piezoelectric crystals are 

the most common piezoelectric materials used in industry. Piezoceramics are dominant 

in the piezoelectric material market because of their excellent piezoelectric properties 

and stable performance. However, piezocrystals exhibit much higher piezoelectric 

properties than piezoceramics and have thus been reported to have great potential to 

supersede piezoceramics in a range of applications (Zhang, Li et al. 2013). Different 

vibration modes can be utilized for different transducer applications. Therefore, the 

dimensions of the piezoelectric material need to be determined for a specific vibration 

mode, which is defined as the d31-mode in this study. The d31-mode piezoelectric plates 

used in this study had dimensions 10 × 3 × 1 mm
3
 and were attached to the flatted 

surfaces of the front mass, which also provides electrical ground.   

 

To investigate the performance of transducers with the same configuration but different 

piezoelectric materials, both piezoceramic and piezocrystal were used for transducer 

fabrication. PZT4 piezoceramic (Meggitt Sensing Systems, Kvistgaard, Denmark) was 

used and the single crystal materials selected for this study were PMN-28%PT (CTG 

Advanced Materials, Bolingbroke, IL, USA) and Mn:PIN-PMN-PT (TRS Technologies, 

State College, PA, USA). Both are multi-domain single crystals poled along the [001] 

crystallographic direction and are in the rhombohedral phase (Zhang and Li 2012). 

Table 4.3 compares key parameters of PMN-28%PT and Mn:PIN-PMN-PT piezocrystal 

with PZT4 piezoceramic (Liu, Jiang et al. 2011; Sun, Zhang et al. 2013; Kuang 2014). 

This shows that the d31 coefficient of PMN-28%PT is over four times that of PZT4 

piezoceramic and the coupling coefficient, k31, is about 30% higher. It is desirable to 

investigate whether these significant improvements in material properties can be 

translated into improvements in transducer performance.  
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Table 4.3: Key parameter comparison of PMN-28%PT and Mn:PIN-PMN-PT with PZT4 (Liu, Jiang et al. 

2011; Sun, Zhang et al. 2013; Kuang 2014) 

Parameters PZT4 
[001] poled PMN-

28%PT 

[001] poled 

Mn:PIN-PMN-PT 

d33 (10 
-12 

C/N) 328 1182 855 

d31 (10
-12

 C/N) -128 -569 -408 

k33 0.68 0.91 0.86 

k31 0.33 0.44 0.47 

s33
E
 (10

-12
 m

2
/N) 19.60 34.38 43.07 

s11
E
 (10

-12
 m

2/
N) 13.00 44.57 32.17 

 

4.1.3 Needle Actuating Device 

d31-mode Needle Actuating Transducer Design 

Following the established design strategies briefly discussed in Section 4.1.2, the 

dimensions of each component were finalized with FEM. The lengths of the back and 

front masses were tuned to place the displacement node at the back and position the 

large displacement vibration at the tip of front mass. Theoretical analysis was carried 

out for each transducer and the results are summarized in Section 4.2.3. 

  

Figure 4.5 shows the schematic CAD model of the d31-mode N.A. transducer design. 

Detailed drawings of all the components can be found in Appendix (A). To summarize, 

it is a small, external, clip-on, hand-held piezoelectric device which can be used with 

standard medical needles. Four piezoelectric plates with dimensions 10 x 3 x 1 mm
3
 

were directly bonded to a stepped horn-shaped hollow cylinder, through which a 

standard anaesthesia needle can be inserted and gripped by tightening a clamping cap. 

The anaesthesia needle is then actuated by the device at low ultrasonic frequencies, 20 -

50kHz. This design eliminates the prestress in the mass-spring configuration which 

degrades the performance of piezocrystal. Thus both piezoceramic and piezocrystal are 

suitable for this design and are considered here.  
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Figure 4.5: Schematic CAD model of d31-mode needle actuating transducer 

 

d33-Mode Needle Actuating Transducer Langevin Design 

To compare the performance of d33-mode and d31-mode transducers, a needle actuating 

device based on conventional Langevin design was also fabricated. This device was 

prototyped by Sadiq (2013), as shown in Figure 4.6. In the transducer part, the 

piezoelectric element consists of two PZT4 rings (outer diameter 15 mm; inner diameter 

8 mm; thickness 5 mm) (Meggitt-Ferroperm, Kvistgaard, Denmark), held between the 

front mass and the back mass with a bolt. They are polarized in opposite directions and 

electrically connected in parallel and pre-stress is applied to prevent dynamic tensile 

forces inside the piezoelectric rings. The flange is located at the position of the nodal 

plane and is used as support for device packaging. An axial opening is created in the 

bolt and the front mass to allow the needle to pass through. The needle is clamped to the 

transducer by tightening the outer collar and oscillates longitudinally when the 

piezoelectric transducer is excited. 

 

 

Figure 4.6: Schematic CAD model of d33-Mode needle actuating transducer  
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4.2 Finite Element Analysis  

4.2.1 Simulation of d31-mode Needle Actuating Transducer 

Individual d31-mode N.A. transducers were modelled numerically using the finite 

element analysis (FEA) software ABAQUS (Dassault Systèmes Simulia, Paris, France) 

to determine resonance frequencies and modal shapes. For all the simulation work in 

this study, International System of units (SI) were employed and complied with. The 

silver-loaded epoxy bond lines between each piezoelectric plate and front mass were 

also considered in the ABAQUS model, with the properties in Table 4.4. With the 

thickness of the bond line in the range 10 - 100μm, it is difficult to measure accurately 

with a direct technique such as the use of a micrometre. However, the thickness can be 

estimated using the ultrasonic pulse-echo method (Wu 2005). In this way, an estimate of 

40 μm was obtained and this was built into the model. The effects of wire connections 

were ignored in the model. 

 

Table 4.4: Material parameters of sliver-loaded epoxy (Wu 2005) 

Property Sliver-loaded epoxy 

Density (kg/m
3
) 3.70 x 10

3
 

Elastic stiffness (N/m) 8.32 x 10
9
 

Poisson’s ratio 0.36 

 

Define metal properties 

For modal analysis and dynamic analysis, the properties required for the metal parts are 

Young’s modulus, Poisson’s ratio and density. These are considered to be linear and 

isotropic, which are viable assumptions for small elastic strain (normally less than 5%) 

(Hibbitt and Karlsson 2011). The properties listed in Table 4.5 were input into the 

Abaqus model, with properties for stainless steel and aluminium alloy were used for the 

back and front masses of the transducers respectively. Surgical stainless steel was used 

for modelling the anaesthesia needle.  
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Table 4.5: Mechanical properties of metals in Abaqus model 

Material 
Young’s Modulus 

(GPa) 

Density 

(kg/m
3
) 

Poisson’s ratio 

Aluminium Alloy 69 2712 0.33 

Stainless Steel 

grade 316 
193 8000 0.30 

Surgical Stainless 

Steel 
200 7900 0.29 

 

Define piezoelectric properties 

In Abaqus, complete consideration of the mechanical, electromechanical and electrical 

aspects is required for the analysis of piezoelectric materials. This can be achieved by 

defining the elastic, piezoelectric and dielectric properties, respectively. Abaqus requires 

that the data is written in tensor form. However, the data in compressed matrix form is 

normally used by researchers or manufacturers. Therefore, a conversion of matrix to 

tensor notation is needed. In addition, it is defined in Abaqus that the electrical 

permittivity of piezoelectric materials is evaluated at constant strain, ɛ
s
ij. Abaqus also 

considers the elastic modulus to be evaluated at constant electric field, C
E

ij, which is 

defined as Dijkl in tensor form. Consequently, the properties of [001] poled PZT4, PMN-

28%PT and Mn:PIN-PMN-PT are listed in tensor form in Table 4.6, Table 4.7 and  

Table 4.8. The behaviour of piezoelectric material with 4mm symmetry can be classified 

as orthotropic behaviour in Abaqus model, because material properties are dependent on 

three mutually perpendicular symmetry planes. 

 

Table 4.6: Properties of PZT4 and its conversion relations (Kuang 2014) 

Elastic constant 

(GPa) 

Electrical Permittivity 

(Fm
-1

) 

Piezoelectric constants (stress) 

(Cm
-2

) 

Density 

(kgm
-3

) 

D1111= C
E

11=168 D11= ε
S

11= 7.33E-9 e1 11=e11=0 e2 12=e24=9.86 7700 

D1122= C
E

12=110 D22= ε
S

22= 7.33E-9 e1 22=e12=0 e2 13=e25= 0  

D2222= C
E

22=168 D33= ε
S

33 = 6.19E-9 e1 33=e13=0 e2 23=e26= 0  

D1133= C
E

13=99.9  e1 12=e14=0 e3 11=e31= - 2.8  

D2233=C
E

23=99.9  e1 13=e15=9.86 e3 22=e32= - 2.8  

D3333= C
E

33=123  e1 23=e16=0 e3 33=e33=14.7  

D1212=C
E

44=30.1  e2 11=e21=0 e3 12=e34=0  

D1313=C
E

55=30.1  e2 22=e22=0 e3 13=e35=0  

D2323=C
E

66=28.8  e2 33=e23=0 e3 23=e36=0  
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Table 4.7: Properties of [001] poled PMN-28%PT and its conversion relations (Liu, Jiang et al. 2011)  

Elastic constant 

(GPa) 

Electrical Permittivity 

(Fm
-1

) 

Piezoelectric constants (stress) 

(Cm
-2

) 

Density 

(kgm
-3

) 

D1111=C
E

11=120 D11=ε
S

11= 13.82E-9 e1 11=e11=0 e2 12=e24=8.02 8095 

D1122=C
E

12=107 D22=ε
S

22 = 13.82E-9 e1 22=e12=0 e2 13=e25=0  

D2222=C
E

22=120 D33=ε
S

33 = 4.12E-9 e1 33=e13=0 e2 23=e26=0  

D1133=C
E

13=92  e1 12=e14=0 e3 11=e31= - 20.6  

D2233=C
E

23=92  e1 13=e15=8.02 e3 22=e32= - 20.6  

D3333=C
E

33=104  e1 23=e16=0 e3 33=e33=17.71  

D1212=C
E

44=66  e2 11=e21=0 e3 12=e34=0  

D1313=C
E

55=66  e2 22=e22=0 e3 13=e35=0  

D2323=C
E

66=61  e2 33=e23=0 e3 23=e36=0  

 

Table 4.8: Properties of [001] poled Mn: PIN-PMN-PT and its conversion relations 

Elastic constant 

(GPa) 

Electrical 

Permittivity(Fm
-1

) 

Piezoelectric constants (stress) 

(Cm
-2

) 

Density 

(kgm
-3

) 

D1111=C
E

11=215 D11=ε
S

11 = 10.91E-9 e1 11=e11=0 e2 12=e24=6.97 8173 

D1122=C
E

12=193 D22=ε
S

22 = 10.91E-9 e1 22=e12=0 e2 13=e25=0  

D2222=C
E

22=215 D33=ε
S

33 = 6.89E-9 e1 33=e13=0 e2 23=e26=0  

D1133=C
E

13=153  e1 12=e14=0 e3 11=e31= - 2.90  

D2233=C
E

23=153  e1 13=e15=7.70 e3 22=e32= - 2.90  

D3333=C
E

33=107  e1 23=e16=0 e3 3=e33=19.30  

D1212=C
E

44=65  e2 11=e21=0 e3 12=e34=0  

D1313=C
E

55=65  e2 22=e22=0 e3 13=e35=0  

D2323=C
E

66=45  e2 33=e23=0 e3 23=e36=0  

 

Mesh the domain 

The next step is to mesh the domain into elements which are connected at nodes. The 

accuracy of the solution depends on the type, shape and density of the elements in the 

domain. There are a variety of element options provided by Abaqus. For linear stress 

analysis, the recommended element for accurate results is C3D20R which is a solid 

element in 3D form and has 20 nodes (Hibbitt and Karlsson 2011). For piezoelectric 

materials, the element named C3D20RE was used, since this element has an additional 

degree of freedom for electrical potential variable. Quadratic elements should be used to 

ensure the prediction of real mode shapes in the modal behaviour investigations 

(Mathieson 2012). 

 

Figure 4.7 shows the mesh for the transducer model. A finer mesh typically results in a 
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more accurate solution during finite element analysis. However, it increases the 

computation time as well. Therefore, the balance between the accuracy of analysis and 

the computing resources must be considered. A convergence test is performed to ensure 

that further refinement of the mesh is not required.  

 

Figure 4.7: Mesh for d31-mode transducer model 

 

Create analysis steps 

The analysis step module can be used to specify output requests, adaptive meshing and 

analysis control. In Abaqus, the analysis steps are divided into two categories: general 

steps and linear perturbations steps. The response is nonlinear in general steps, while the 

linear perturbations steps provide the linear response of the system about a base state. 

The base state is defined as the state of the system at the end of previous nonlinear step. 

The frequency procedure type in the category of linear perturbation was used for modal 

analysis and the steady-state dynamics procedure type in the same category for dynamic 

analysis. 

 

Interaction between parts 

The Abaqus interaction module is used to define the contact conditions between the 

parts of the assembly. The model does not recognize any mechanical contact between 

the parts unless the contact is specified in the interaction module. Therefore, different 

parts were assembled in with “tie” constraints in the current model. The “tie” constraint 

ties two separate surfaces together so that there is no relative motion between them. 

 

Applying boundary conditions 

Boundary conditions (BC) specify the variables at nodes, including mechanical, 

electrical, magnetic and thermal parameters. In the current model, the electrical 

potentials of the piezoelectric components were constrained to remove the numerical 

singularities arising from the dielectric part of the element operator. It should be 
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mentioned that applying the BC on both sides of each piezoelectric component will 

produce a series electrical connection that gives the resonant frequency of the 

transducer. However, applying the BC on one side of each piezoelectric component 

produces a parallel electrical connection which, in turn, gives the anti-resonant 

frequency.  

 

Analysis procedures 

Modal analysis is used to obtain the resonant frequency and the mode shape of the 

proposed transducer. It has two steps in the current procedures. The default initial step is 

used to define the interaction properties between the components and the electrical 

potential for the piezoelectric material. The second step is a linear perturbation 

frequency step, which is created to calculate the eigenvalues of the transducer model. 

The observed longitudinal mode shapes between 1 kHz to 100 kHz are described in 

detail in Section 4.2.3. 

 

Dynamic analysis was performed on the developed transducer model to study 

transducer performance under a harmonic excitation loads. In dynamic analysis, the 

initial analysis step used in the modal analysis procedure is followed by a steady-state 

dynamic linear perturbation step. The excitation load is applied as a voltage function at 

different frequencies and the response of the system is recorded at each frequency. The 

excitation is applied through the boundary condition of the piezoelectric material during 

this step.  

 

Damping must be considered in dynamic analysis，otherwise，if the excitation 

frequency is the same as the natural frequency of the system, the response is infinite. 

Viscous damping normally occurs in piezoelectric transducer vibration in the low kHz 

frequency range (Nader, Silva et al. 2004). Thus, viscous damping was explained and 

modelled in this study. 

 

The viscous damping considered here is applied through the Rayleigh formula (4-1): 

 

𝐶 = 𝛼 ∙ 𝑚 + 𝛽 ∙ 𝑘                                                     (4 − 1) 

 

where α is the mass-proportional damping coefficient; β is the stiffness-proportional 
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damping coefficient; m is the mass of model and k is the stiffness of model. Thus, 

different physical damping can be modelled by determining α and β values (Lerch, 

1990). These relationships are: 

 Non-damped (α = 0 and β = 0) 

 Viscous damping (α = 0 and β > 0) 

 Damping proportional to the mass (α > 0 and β = 0) 

 Rayleigh damping (α > 0 and β > 0) 

 

The values of α and β are determined by energy dissipation characteristic of the 

structure. Currently, these values cannot be obtained through direct calculation and they 

must be measured (Nader, Silva et al. 2004). Since viscous damping normally occurs in 

piezoelectric transducer vibration and is the only type considered here, α is assumed to 

be zero and β can be determined by the Equation (4-2): 

𝛽 =
1

𝜔𝑟 ∙ 𝑄𝑚
                                                              (4 − 2) 

 

where ωr is the modal frequency for mode r and Qm is the overall mechanical quality 

factor. The quality factor is estimated at the beginning of the analysis and is then 

corrected after completing an electrical impedance analysis of the fabricated transducer. 

The values of the resonance and anti-resonance frequencies for the mode shape r can be 

used to calculate Qm for the transducer (Holland and EerNisse 1969). After determining 

the quality factor Qm and consequently the damping coefficient β, they are used in the 

FE model.  

 

Abaqus also provides the capability to calculate the generated electrical current I caused 

by electrical excitation in the piezoelectric material after the harmonic analysis step. 

Equation (4-3) is used to calculate the current: 

 

𝐼 = 𝑖 ∙ 𝜔 ∙ ∑𝑞𝑒                                                        (4 − 3) 

 

where i and ω are the imaginary unit and the angular frequency of the excitation, qe is 

the total electrical charge on the positive sides of the piezoelectric material, and I is the 

complex value of the generated electrical current. The total electrical charge is 

calculated as the sum of reactive electrical nodal parameter (RCHG) of nodes on the 
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electrode surface. The electrical impedance Ze can then be calculated from: 

 

𝑍𝑒 =
𝑉

𝐼
                                                                   (4 − 4) 

 

where V is the excitation voltage. The complex form of electrical impedance can then 

be used to calculate the impedance magnitude and phase (Selva, Cherrier et al. 2011). 

4.2.2 Simulation of d33-mode Needle Actuating Transducer 

A 3D model of the transducer was first created in Solidworks and then imported into 

Abaqus. The metal electrodes used to apply the electrical signal were ignored in the 

model since the 0.1 mm thickness of the brass shim was much smaller than the 

thickness of the PZT4 ring. The threads were also not included in this model. The pre-

stress is necessary to prevent dynamic tensile forces in the piezoelectric material. 

However, as pre-stress has only a small effect on the theoretical analysis (Hawkins and 

Gough 1996), it was ignored in this analysis. The contact areas between different 

components were constrained by the ‘tie’ constraint and opposite poling directions were 

specified for the two PZT4 rings. The material properties for PZT4, aluminium alloy 

and stainless steel given in Table 4.2 and Table 4.6 were specified for the piezoelectric 

rings, front mass and back mass respectively. The transducer was designed to be 

resonant in the longitudinal mode with the flange located at its nodal plane. Both modal 

and dynamic analysis was performed to determine the resonant frequencies, modal 

shapes and dynamic output. The results are used for comparison with d31-mode N.A. 

transducers.  
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4.2.3 Simulation Results  

Modal Analysis 

Following the procedures described in Section 4.2.1, FE models of d31-mode N.A. 

transducers including PZT4, PMN-PT and Mn:PIN-PMN-PT were created. The mode 

was analysed to obtain the resonant frequencies and the corresponding mode shapes. 

Here, only the results with PMN-PT are described in detail, with the results of other 

transducers summarized in tables.  

 

Transducer without needle 

The transducer was first modelled without the needle attached to better understand the 

transducer performance. Two longitudinal modes were observed in the PMN-PT d31-

mode transducer model. The first was found at 26128 Hz and the modal shape is shown 

in Figure 4.8 (a). The maximum vibration amplitude is found at the front surface of the 

cap where the needle will be clamped and the nodal plane is found in the back mass. 

The second longitudinal mode was found at 62253 Hz and the modal shape is shown in 

Figure 4.8 (b). 

 

(a) 

 

(b) 

 

Figure 4.8: PMN-PT d31-mode transducer mode shapes for (a) first longitudinal mode (26128 Hz) and (b) 

second longitudinal mode (62253 Hz) 

 

The first longitudinal mode is observed to be the fundamental longitudinal mode and 

should provide the maximum vibration. The modes adjacent to the fundamental 

longitudinal mode were also investigated. A bending mode was found at 23574 Hz and a 
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torsional mode at 36986 Hz as shown in Figure 4.9. The frequency separation between 

the adjacent modes is at least 3 kHz, which is enough to avoid coupling with the 

longitudinal mode during operation, assuming that the ratio of the frequency difference 

between the desired mode and a neighbouring mode to the frequency of desired mode 

should be not less than 10% (Al-Budairi 2012).  

 

(a) 

 

(b) 

 

Figure 4.9: Adjacent mode shapes for (a) bending mode (23574 Hz) and (b) torsional mode (36986 Hz) 

 

Modal analysis was also performed on the other transducer models and the results are 

summarized in Table 4.9. The longitudinal modes of d31-mode N.A. transducers made 

with different piezoelectric materials have different frequencies but the same modal 

shapes were found.  

 

Table 4.9: Mode frequencies for the simulated transducers 

Mode 
PZT4 d33-Mode 

transducer 

PZT4 d31-mode 

transducer 

PMN-PT d31-

mode transducer 

Mn:PIN-PMN-PT 

d31-mode transducer 

1
st
 L 

mode  
22208 Hz 26785 Hz 26128 Hz 26244Hz 

2
nd

 L 

mode  
49286 Hz 65727 Hz 62253 Hz 62315Hz 

* L: longitudinal; 

 

Transducer with needle 

A needle was then added into the Abaqus model using a finer mesh because of the long 

needle.  Similarly, the longitudinal modes were specially picked out. There exist both a 
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needle resonant mode (NRM) and a transducer resonant mode (TRM) as the first two 

longitudinal modes. The resonance mode is termed the “needle resonant mode” because 

simulation shows that the needle has a significant resonance at this frequency but the 

transducer part does not. In comparison, the transducer part has a significant resonance 

at the “transducer resonant mode”. The “NRM” and “TRM” mode shapes for the PMN-

PT d31-mode transducer with needle attachment are shown in Figure 4.10. The NRM 

was at 20375 Hz and the maximum displacement was found at needle tip. The TRM 

shifted from 26128 Hz to 30363 Hz and the peak displacement was also found at the 

needle tip. Simulation results for all the transducers are summarized in Table 4.10, 

showing that NRM and TRM can be found in all the N.A. transducers.  

 

(a) 

 

(b) 

 

Figure 4.10: Mode shapes of PMN-PT d31-mode transducer with needle attachment (a) NRM at 20375 Hz 

and (b) TRM at 30363 Hz 

 

Table 4.10: Modal frequencies for the simulated transducers with needle attachment 

Mode  
PZT4 d33- mode 

N.A. transducer 

PZT4 d31-mode 

N.A. transducer 

PMN-PT d31-

mode N.A. 

transducer 

Mn:PIN-PMN-PT 

d31-mode N.A. 

transducer 

NRM 22186 Hz 21376 Hz 20375 Hz 20381 Hz 

TRM 25050 Hz 31616 Hz 30363 Hz 30373 Hz 

 

Here, a 100mm long G21 needle was gripped at a position 50 mm away from the tip. 

This allows maximum needle penetration into soft tissue and maintains the first NRM 

above the ultrasonic frequency. Keeping the NRM above the ultrasonic frequency 
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enables the needle to be actuated at ultrasonic frequency, because initial tests of 

ultrasound actuated needle in phantom and tissue have demonstrate the feasibility of 

reduction of force and deflection during needle insertion (Liao, Sadiq et al. 2013). 

 

 It has been observed that the NRM frequency changes when the needle is gripped at 

different positions (Kuang, Hilgers et al. 2016). In order to find out how the NRM 

frequency would change in this type of N.A. transducer, simulations were performed on 

the PMN-PT d31-mode N.A. transducer by changing the grip position for each modal 

analysis with the results summarized in Table 4.11.  

 

Table 4.11: Frequency shift of NRM when gripping at different positions, simulated with PMN-PT d31-

mode transducer FE model 

Grip Position (mm) NRM (Hz) 

25 55067 

30 44933 

40 38771 

50 20375 

60 19077 

70 16963 

80 15168 

 

The grip position defines the distance from the needle tip to the clamping point. 

Therefore, the value of grip position also indicates the usable length of the needle. A 

longer usable length is preferred clinically. However, the data in Table 4.11 show that 

the needle resonant frequency gradually decreases with increasing value of grip 

position. For this reason, a position 50 mm from the tip was chosen to allow a 

reasonable usable length while keeping the NRM above the minimum ultrasonic 

frequency.  

 

Dynamic Analysis 

Dynamic analysis was performed on all transducer models to study performance under 

harmonic excitation loads. Viscous damping was considered by defining the stiffness 

proportional damping coefficient calculated using the established method described in 

Section 4.2.1 with the results presented in Table 4.12.  
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Table 4.12: Calculation of stiffness proportional damping coefficient for all transducers 

 

PZT4 d33-

mode 

transducer 

PZT4 d31-

mode 

transducer 

PMN-PT d31-

mode 

transducer 

Mn:PIN-PMN-PT 

d31-mode 

transducer 

1
st
 L mode 

(simulation) 

 

22208 Hz 26785 Hz 26128 Hz 26244Hz 

Quality 

Factor for 1
st
 

resonance 

 

72 139 102 236 

Stiffness 

Proportional 

Damping 

Coefficient 

6.25x10
-7

 2.69x10
-7

 3.75x10
-7

 1.61x10
-7

 

 

Then the displacement and stress distribution on the transducers were plotted and 

analysed. The electrical impedance spectra were also obtained after steady state analysis 

for 801 frequency points from 20 kHz to 30 kHz. Here, only the results from the PMN-

PT d31-mode N.A. transducer model are described in detail with the results from the 

other transducers summarized in tables. 

 

Transducer without needle 

Dynamic analysis was first performed on the PMN-PT d31-mode transducer without the 

needle attached under 50Vpp harmonic excitation at the fundamental longitudinal mode 

frequency of 26128 Hz. The stiffness proportional damping coefficient, β = 3.75x10
-7

 

for this transducer. Figure 4.11 (a) outlines the displacement distribution. It can be 

observed that the maximum displacement of 3.987µm was achieved at the front surface 

of the cap, where the needle would be clamped. Consequently, the maximum ultrasonic 

vibration can be transmitted to the needle. The stress distribution is shown in         

Figure 4.11 (b) with a stress concentration of 44.9MPa found at the “neck” of the front 

mass, well below the ultimate strength of aluminium alloy of about 475 MPa. Therefore, 

the transducer should be working in a safe condition.  
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(a) 

 

(b) 

 

Figure 4.11: Displacement (a) and stress (b) distribution of the PMN-PT d31-mode transducer at first 

longitudinal mode under 50Vpp harmonic electrical excitation 

 

Electrical impedance characteristics in the frequency range from 20 kHz to 30 kHz, 

covering the first longitudinal mode, were obtained after the electrical analysis 

procedure, as shown in Figure 4.12. The predicted electrical impedance spectra can be 

validated with experimental values from impedance analyser. The output displacement 

of the front surface in frequency domain, as shown in Figure 4.13, can also be obtained 

and validated with data measured using a laser Doppler vibrometer (LDV). In this way, 

the feasibility of the theoretical analysis can be assessed. This is discussed in 

Section 4.4.2. 

 

Figure 4.12: Predicted impedance spectra of the PMN-PT d31-mode transducer from 20 kHz to 30 kHz 
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Figure 4.13 Predicted displacement spectra of the PMN-PT d31-mode transducer at the cap from 20 kHz 

to 30 kHz under 50Vpp harmonic electrical excitation 

 

Transducer with needle 

With the same needle clamped by the transducer 50 mm from needle tip, dynamic 

analysis was performed for both NRM and TRM. From Figure 4.14, it can be observed 

that the maximum vibration displacement is achieved at the needle tip for both NRM 

and TRM. However, the displacement magnitude of the needle tip at NRM is about 14 

times larger than that at TRM. It is also observed from the simulation that the cap and 

needle are vibrating with opposite phase when the N.A. transducer is resonant at TRM, 

which means that the needle is shortened in length at the same moment the cap reaches 

its maximum extended displacement. In Figure 4.15, the displacement magnitude along 

the 100 mm needle length is plotted. It can also be observed that when the transducer is 

driven at TRM, the displacement value at the clamping position has the opposite phase 

to that at the needle tip, explaining why the needle tip has much lower displacement 

output at TRM. 
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(a) 

 

(b) 

 

Figure 4.14: Displacement distribution of PMN-PT d31-mode transducer with needle attachment under 

50Vpp harmonic electrical excitation at (a) NRM and (b) TRM 

(a) 

 

(b) 

 

Figure 4.15: Displacement along the needle path under 50Vpp harmonic electrical excitation at (a) NRM 

and (b) TRM 
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4.3 Fabrication 

The complete transducer manufacturing process involves sample pre-treatment, bonding 

and other processing. The PZT4, PMN-28%PT and Mn:PIN-PMN-PT d31-mode needle-

actuation transducers were fabricated in the same way. For comparison, a d33-mode 

N.A. transducer with a conventional mass-spring design was made with PZT4 rings 

with OD 15 mm, ID 8 mm and TH 5 mm. The samples of each single crystal were 

purchased from the same manufacturer and the same production batches. Before 

fabrication, all the piezoelectric materials were checked for consistency by measuring 

their impedance spectra. Key parameters are summarized in Table 4.13.  

 

Table 4.13: Measurement of piezoelectric material used for fabrication 

 
PZT4 d33 

rings 

PZT4 d31 

plates 

PMN-28%PT 

d31 plates 

Mn:PIN-PMN-PT 

d31 plates 

fr(kHz) 320.37 

(σ = 1.12) 

160.37 

(σ = 0.92) 

80.86 

(σ = 0.28) 

88.75 

(σ = 0.25) 

fa(kHz) 383.77 

(σ = 1.26) 

168.12 

(σ = 1.09) 

89.53 

(σ = 0.26) 

98.15 

(σ = 0.34) 

k31 N/A 0.33 

(σ = 0.0033) 

0.47 

(σ = 0.008) 

0.48 

(σ = 0.0.008) 

kt 0.47 

(σ = 0.0016) 

N/A N/A N/A 

d33 (10 
-12

 

C/N) 

307 

(σ = 1.08) 

N/A N/A N/A 

d31 (10 
-12

 

C/N) 

N/A -117 

(σ = 1.21) 

-556 

(σ = 4.52) 

-527 

(σ = 5.36) 

C (nF) 

(measured 

at 1kHz) 

0.31 

(σ = 0.0083) 

0.44 

(σ = 0.0095) 

1.25 

(σ = 0.0046) 

0.929 

(σ = 0.0031) 

* Standard deviation is reported because multiple samples were measured and required for single 

transducer fabrication 
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The first step in fabrication is sample pre-treatment to clean off the grease and other 

substances likely to affect bonding quality. All the piezoelectric materials were cleaned 

using isopropanol (IPA) solvent and blown dry afterwards. During fabrication, the 

bonding process is of vital importance. Ag-loaded epoxy (Agar Scientific Ltd., Essex, 

UK) was used to establish both electrical and thermal contact between the electrodes on 

the d31 plates and the aluminium substrate. A jig, as shown in Figure 4.16, was specially 

designed for alignment when bonding the plates onto the flattened surface of the host 

cylinder, which acts as mechanical front mass and provides electrical ground. Moreover, 

pressure must be applied to squeeze out the air within the silver-loaded epoxy layer and 

should be maintained during the curing period of epoxy. After bonding the plates, the 

Ag-loaded epoxy was also used to bond the lead wires on the surfaces of the plates. The 

electrical resistance was checked to ensure good connections were achieved. 

 

(a) 

 

(b) 

 

Figure 4.16: Specially designed jig for alignment during transducer assembly 

(a) Photo and (b) CAD view 

 

The detailed fabrication procedure is described below and photos showing the 

procedures are given in Figure 4.17.  

 

1. Check and clean. Both sides of the plates should be checked carefully to make 

sure no cracks exist. The flattened surfaces of front mass where the plates are 

attached and both sides of all the plates should be cleaned using isopropanol 

(IPA) solvent and blown dry afterwards.  

2. Align the piezoelectric plates. Firstly, a screw is used to fix the front mass on 

the base of jig and then use double side tape to attach the piezoelectric plates on 

the sliding plate of jig, which helps alignment. Attention should be paid to the 

orientation of the piezoelectric plates, making sure all the negative electrodes are 
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facing the outside.  

3. Adhesive preparation. To use the Ag-loaded epoxy, mix equal amounts of 

bright silver epoxy (Part A) with the grey silver hardener (Part B). Mix 

thoroughly and apply within 5 minutes. 

4. Adhesive application. Carefully paint the Ag-loaded epoxy evenly on the 

exposed electrodes of the piezoelectric plates. The adhesion surface of the plate 

and the front mass must be bonded with vertical direction alignment. In addition, 

about 4MPa pressure was applied to exclude gas bubbles from the layer of Ag-

loaded epoxy by tightening the specific screw on the jig.  

5. Remove extra epoxy. Since extra epoxy squeezed out from the edge of the 

piezoelectric plate could possibly short circuit the electrodes, it must be removed 

carefully. 

6. Adhesive curing. For fastest curing times, maximum conductivity and adhesion, 

the bond should be heated to between 79°C and 121°C for 5 - 10 minutes and 

allowed to cool. However, for single crystal, especially PMN-PT, it should be 

cured at room temperature for 10 hours because of the low values of Trt and Tc. 

Alignment and pressure must be maintained by the jig during the curing period. 

7. Connect front mass with back mass. Use Ag-loaded epoxy to bond the front 

mass and the back mass together, maintaining pressure during the curing period 

by tightening all the screws on the back mass.  

8. Wire connection. Attach wires to the exposed electrodes on the piezoelectric 

plate by applying small amounts of Ag-loaded epoxy. Electrical resistance 

should be checked to ensure good connections are achieved. The piezoelectric 

plates should be connected together in parallel. 
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Figure 4.17: Steps of transducer assembly (a) check and clean; (b) align the piezoelectric plates; (c) 

adhesive application; (d) wire connection 

 

 

Figure 4.18: Completed PMN-PT d31-mode transducer with needle attachment 

 

The completed PMN-PT d31-mode transducer with needle attachment was shown in 

Figure 4.18. Its weight is about 37.3g. In comparison, the weight of a fabricated d33-

mode N.A. transducer with a conventional mass-spring design is about 60.2g. Detailed 

assembly steps for d33-mode transducer were described elsewhere (Sadiq 2013). 
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4.4 Characterization 

This section describes complete characterization of fabricated devices using small and 

large signal characterization techniques to establish basic and functional performance. 

4.4.1 Characterization Method 

Small Signal Characterization 

Small signal characterization was performed using a high resolution impedance 

spectroscopy measurement system in which multiple measurements over sequential 

frequency ranges were made with an impedance analyser (4395A, Agilent Technologies 

/ Keysight Technologies, Santa Rosa, CA, USA) with a limit of 801 measurement points 

give a total of 24,000 points in each spectra (Liao 2015). This allows relevant 

performance parameters of each device to be derived numerically with high precision. 

 

Large Signal Characterization 

The testing arrangement for large signal characterization is shown in Figure 4.19. A PC 

is used to control the frequency and amplitude of a signal from a signal generator 

(33220A, Agilent Technologies / Keysight Technologies, Santa Rosa, CA, USA) which 

is the input to a power amplifier (2100L, E&I, Rochester, NY, USA) which provides the 

signal for the transducer under test. The voltage across the transducer and the current in 

the circuit are sampled with a voltage probe (N2862B, Agilent Technologies / Keysight 

Technologies, Santa Rosa, CA, USA ) and a current probe (P602, Tektronix, Bracknell, 

UK) respectively. The drive voltage across the transducer can be controlled and 

maintained by a PID control system during the characterization procedure. Vibration 

amplitude can be measured directly with a LDV (OFV2570/OFV534, Polytec Ltd, 

London, UK) at the same time. All the signals are digitized with a PXI system (5122 / 

6124, National Instruments, Newbury, UK) and analysed by computer. This system is 

also able to perform frequency sweeps at different voltages, monitoring the electricity 

and measuring the vibration response at the same time.  
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Figure 4.19: Diagram showing the arrangement of large signal characterization 

 

The characterization procedures can be divided into two parts: (1) small and large signal 

characterization for d31-mode transducers without attachment of a needle to elucidate 

transducer behaviour; and (2) small and large signal characterization for d31-mode 

transducers with a needle attached. For needle actuating, each device was driven at its 

respective NRM with increasing drive voltages. The reason for driving at this mode is 

discussed in Section 4.4.2. The LDV was used to measure displacements at different 

locations including the tip of needle and the front surface of clamping cap. The 

characterization results are summarized in figures and tables in Section 4.4.2. 

 

4.4.2 Characterization Results 

Transducer without needle 

Small signal and large signal characterization were first carried out on all fabricated 

transducers without attachment of a needle. The electrical impedance analyser was used 

to obtain the impedance spectra such that the performance parameters of the transducers 

could be determined and the accuracy of theoretical analysis could be assessed. The 

simulated impedance spectra can be validated with experimental values from the 

impedance analyser.  
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Figure 4.20: Comparison between theoretical and experimental data obtained for PMN-PT d31-mode 

transducer (a) impedance magnitude plot; (b) impedance phase plot and (c) displacement spectra when 

performing frequency sweep under 10Vpp 
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Figure 4.20 (a) and (b) show the theoretical and experimental impedance spectra 

obtained from the PMN-PT d31-mode transducer. Good agreement is evident with the 

difference being approximately 5.9% at the resonant frequency. However, a large 

difference in the resonance impedance can be seen. The displacement spectra of the 

clamping cap of the PMN-PT d31-mode transducer was obtained by performing 

frequency sweep under 10Vpp driving condition and compared with data obtained from 

simulation, as shown in Figure 4.20 (c). A peak displacement value of 0.696 μm was 

found in experimental measurement, about 14% smaller than the theoretical value.  

 

The differences could be attributed to three effects: (1) differences between the data 

provided by the supplier and the actual parameters of piezoelectric material; (2) 

manufacturing imperfections; and (3) most importantly, vibration damping caused by 

the use of Ag-loaded epoxy.  

 

The other transducers were tested using the same method, with all the results 

summarized in Table 4.14. The different configurations of transducers led to quite 

different resonant frequencies. Although the same PZT4 piezoceramic was assembled in 

two different transducers, the PZT4 d31-mode transducer showed better performance 

than PZT4 d33-mode transducer, with higher displacement output, higher quality factor 

and lower resonance impedance.  

 

Compared to the PZT4 d31-mode transducer, the identical d31-mode transducer made 

with PMN-PT has two times higher displacement output and only about one third of 

electrical impedance magnitude, attributed to the higher values of d31 and k31 compared 

with PZT4. The lower value of electrical impedance magnitude also contributes to the 

improvement of mechanical performance by increasing the current in the circuit under 

the same drive voltage. Moreover, the higher compliance of PMN-PT resulted to lower 

resonant frequency. The Mn:PIN-PMN-PT d31-mode transducer was found to have 

resonant frequency and displacement output quite close to those found in the transducer 

made of PMN-PT, but a much higher quality factor. 
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Table 4.14: Performance comparison of all transducers 

 

PZT4 d33-

mode 

transducer 

PZT4 d31-

mode 

transducer 

PMN-PT d31-

mode 

transducer 

Mn:PIN-PMN-PT 

d31-mode 

transducer  

1
st
 L mode 

(simulation) 

 

22208 Hz 26785 Hz 26128 Hz 26244Hz 

1
st
 L mode 

 

23387 Hz 27100 Hz 25975 Hz 25862Hz 

Peak  Disp. 

of cap at 1
st 

L 

model 

 

0.163 μm 0.251 μm 0.696 μm 0.694 μm 

Quality 

Factor for 1
st
 

resonance 

 

72 139 102 236 

Resonance 

Impedance at 

1
st
 L mode 

 

4216 Ω 3677 Ω 1329 Ω 1417 Ω 

Effective 

Coupling 

Coefficient 

0.181 0.104 0.138 0.098 

*all results are experimental, unless indicated,  

* L: longitudinal; Disp.: displacement 

 

To analyse the performance of the transducers under different driving conditions, the 

displacement amplitudes of the clamping caps were measured when the transducers 

driven at their respective resonant frequencies with increasing voltages up to 70Vpp, as 

shown in Figure 4.21. The maximum voltage was set as 70Vpp, because the transducers 

showed sufficiently large vibration displacements at this voltage for needle actuation. 

According to the results, the piezocrystal transducers perform better than piezoceramic 

transducers at each drive voltage. The displacements of the cap of the PMN-PT and 

Mn:PIN-PMN-PT d31-mode transducers operating in the fundamental longitudinal mode 

with 70Vpp excitation were 5.7 μm and 6.9 μm respectively, exceeding the value for the 

PZT4 d31-mode transducer by more than a factor of two. 
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Figure 4.21: Displacement amplitudes of clamping cap measured under increasing driving voltages for all 

transducers 

 

Transducer with needle 

For experiments with a needle attached, the same standard G21 anaesthesia needle with 

a length of 100 mm was gripped by each transducer at the same position, 50 mm from 

the needle tip, as explained in Section 4.2.3. The impedance spectrum was acquired 

from impedance analyser after the needle was attached. The displacement spectra of the 

needle tip for the PMN-PT d31-mode transducer was obtained with LDV when 

performing a frequency sweep at 10Vpp excitation.  

 

Figure 4.22：Impedance spectra of PMN-PT d31-mode N.A. transducer 
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Figure 4.23：Displacement spectra of needle tip of PMN-PT d31-mode N.A. transducer when performing 

frequency sweep at 10Vpp excitation 

 

The appearance of the NRM at 19900Hz and the shift in the TRM frequency from 

25975Hz to 29912Hz can be observed from the impedance and displacement spectra in 

Figure 4.22 and Figure 4.23. The peak displacement of the needle tip observed at NRM 

was 1.275 μm. In comparison, the needle tip at TRM had a displacement of 1.023 μm.  

 

Although both NRM and TRM have maximum displacement at the needle tip, the 

performance of the N.A. transducer is different when driven at the two different modes. 

This can be analysed by measuring the needle tip displacement at the same driving 

voltages (Kuang 2014). Therefore, the same measurements were performed on the 

PZT4 d31-mode N.A. transducer and the PMN-PT d31-mode N.A. transducer under 

increasing voltages. 
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(a) 

 

(b) 

 

Figure 4.24：Axial needle tip displacement comparison between NRM and TRM for (a) PZT4 d31-mode 

transducer with needle attachment and (b) PMN-PT d31-mode transducer with needle attachment 

 

According to Figure 4.24, the axial needle tip displacement is positively related to the 

increasing voltage for both transducers driven at both modes. For both transducers at an 

initial 20Vpp, needle tip displacement when driven at NRM is slightly larger than that 

driven at TRM, but it becomes much larger at higher driving voltages, especially for the 

PMN-PT d31-mode transducer. This could be explained by the observation from 

simulation that when the N.A. transducer is resonant at TRM, the vibrations of the cap 

and needle are in opposite phase, which means that the needle itself is actually 

shortening its length at the same moment when the cap is extending itself. Higher 

damping losses at TRM can help explain why the difference in needle tip displacement 

becomes larger at higher voltages. As a consequence, driving at NRM is more efficient 

than driving at TRM. 

 

The results from the other transducers are summarized in Table 4.15 for comparison. 
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The PZT4 d31-mode N.A. transducer shows better performance than the PZT4 d33-mode 

transducer, with higher needle tip displacement output and lower resonance impedance. 

The d31-mode transducer made with PMN-PT has two times higher needle tip 

displacement and much lower resonance impedance. Both the PMN-PT and Mn:PIN-

PMN-PT d31-mode transducer were found to have lower frequency of NRM and TRM 

due to higher compliance of the single crystal. The Mn:PIN-PMN-PT transducer has 

slightly higher needle tip displacement than the PMN-PT transducer because of its 

higher quality factor. 

 

Table 4.15: Performance Comparison of all transducers with needle attached 

 
PZT4 d33-

Mode 

transducer 

PZT4 d31-

mode 

transducer 

PMN-PT d31-

mode 

transducer 

Mn:PIN-PMN-

PT d31-mode 

transducer 

NRM 

(simulation) 

 

22186 Hz 21376 Hz 20375 Hz 20381Hz 

NRM 

 

21100 Hz 20237 Hz 19900 Hz 19900Hz 

TRM 

(simulation) 

 

25050 Hz 31616 Hz 30363 Hz 30373Hz 

TRM 

 

23500 Hz 30362 Hz 29912 Hz 29800Hz 

Resonance 

Impedance at 

NRM 

 

7190 Ω 4959 Ω 1854 Ω 2313 Ω 

Needle tip 

displacement at 

NRM 

0.504 μm 0.614 μm 1.275 μm 1.401 μm 

*all results are experimental, unless indicated 

 

All N.A. transducers were also characterized at their respective NRM with increasing 

driving voltages up to 70Vpp with the needle attached. The displacements of different 

locations on the devices were measured using LDV. For each N.A. transducer, the 

displacements amplitudes recorded at the tip of the needle and the front of cap were 

compared at different driving conditions, as shown separately in Figure 4.25. 

  



DESIGN AND CHARACTERIZATION OF NEEDLE ACTUATING DEVICE 

121 

 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 4.25：Displacement distribution for corresponding NRM (a) PZT4 d33-mode N.A. transducer, (b) 

PZT4 d31-mode N.A. transducer, (c) PMN-PT d31-mode N.A. transducer, (d) Mn:PIN-PMN-PT d31-mode 

N.A. transducer 
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As expected, the amplitude of the needle tip displacement is positively related to the 

driving voltage. The needle tip shows much higher displacement than the clamping cap 

because when driven at NRM, the needle itself is working like a horn to amplify the tip 

displacement. More specifically, the PZT4 d31-mode N.A. transducer has higher needle 

tip displacement output, about twice that of the PZT4 d33-mode N.A. transducer at the 

same driving voltage, even though the same piezoceramic is used as the actuation 

component. The PMN-PT d31-mode N.A. transducer exhibits even higher output, more 

than four times the PZT4 d33-mode N.A. transducer, due to higher piezoelectric 

properties of PMN-PT than PZT4. The Mn:PIN-PMN-PT d31-mode N.A. transducer is 

observed to have slighter higher needle tip displacement output than PMN-PT 

transducer even though some of its piezoelectric parameters are smaller.  

 

The large signal characterization results show strong longitudinal vibration of the 

needle, which corresponds to the mode shape observed in FEA model. However, in 

reality, the standard anaesthesia needle is long and thin, and also has a bevel angle at the 

tip which could introduce bending modes. Therefore, bending mode analysis was 

performed to investigate the possible coupled bending mode. It was carried out by 

taking point by point measurements along the length of the needle, starting from the tip 

and moving to the grip position with 1 mm resolution. The displacement normal to the 

needle axis was measured using LDV and two sets of data were collected from two 

different lines on the surface of the needle in mutually orthogonal positions.  

 

Since all d31-mode N.A. transducers were in the same configuration, they were expected 

to give the same mode shape. Thus, only the Mn:PIN-PMN-PT d31-mode N.A. 

transducer was tested. Figure 4.26 shows the amplitude of flexural displacements along 

the needle length when the transducer was driven at 70Vpp at NRM, 19900Hz.  A 

bending mode occurs along the length of the needle, but the magnitude of flexural 

displacement is generally small with even the maximum being approximately one-tenth 

that of longitudinal displacement measured at the same drive voltage, indicating that the 

mode shape can still be considered as longitudinal mode (Kuang, Hilgers et al. 2016).  
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Figure 4.26: Flexural displacement measured along the length of the needle actuated by the Mn:PIN-

PMN-PT d31-mode N.A. transducer with 70Vpp at NRM 

 

4.5 Discussion and Conclusions 

In order to simplify the design, reduce the physical dimensions of the transducer and 

make use of the high performance piezocrystal, a novel transducer design utilizing the 

d31-mode of piezoelectric material was proposed in this chapter. This design was 

developed through FEA and validated through characterization of fabricated transducer. 

The work here is based on the hypothesis that the significant improvement of material 

properties can be exploited in practice in additional performance in N.A. transducers. 

Therefore, PZT4, PMN-PT and Mn:PIN-PMN-PT single crystals were used to fabricate 

transducers with the same configuration. A d33-mode N.A. transducer based on mass-

spring design was also fabricated as a reference and detailed performance 

characterization and comparison were then carried out. 

 

Small and large signal characterization was firstly carried out on the transducers without 

a needle. It was found that the different configurations of the transducers lead to 

different resonant frequencies for the PZT4 d31 and d33-mode transducers. Although the 

same piezoceramic was used in both transducers, the PZT4 d31-mode transducer showed 

better performance than the d33-mode transducer, with higher displacement, higher 

quality factor and lower impedance at resonance. Replacing the PZT4 piezoceramic 

with the PMN-PT piezocrystal, the PMN-PT d31-mode transducer produced two times 

larger displacement and had only about one third of the electrical impedance magnitude. 
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The Mn:PIN-PMN-PT d31-mode transducer had similar resonant frequency and 

displacement as the similar transducer made of PMN-PT, but had a much higher quality 

factor, most likely because of higher quality factor of the piezoelectric material. 

 

With the needle attached, there appeared NRM and TRM.  The performances of the two 

modes were compared. Characterising at higher drive conditions, the NRM was found 

to be more efficient by comparing the ratio of output displacement to input voltage. This 

is because the needle itself acts as a horn and amplifies the tip displacement. Further 

measurement of needle tip and cap were performed at NRM for all the transducers. 

According to the results, the displacement of the needle tip is positively correlated to the 

drive voltage and much higher than that of the clamping cap at the same drive condition. 

Among all the transducers, the piezocrystal transducers have obvious higher tip 

displacement than the piezoceramic transducers at the same drive condition, 

demonstrating a practical effect of the higher piezoelectric properties of piezocrystal 

than piezoceramic used. This enhanced performance also indicates that the piezocrystal 

is more efficient than piezoceramic and has the potential to substitute traditional 

piezoceramic in actuator applications.  

 

Countering their better performance, the proposed d31-mode transducers were observed 

to have low peak phase angles (the delay measured between the current and voltage 

drive signals) and narrow phase margins (frequency spread between 0° phase crossings) 

at resonance mode. These would degrade the controllability of the device when driven 

by a control system. The current control system for the work reported in this thesis uses 

the phase profile of the transducer resonance to determine and track the resonant 

frequency based on phase locked loop strategies (Kuang 2014). Friedrich and Lockhart 

(2012) pointed out that a high dynamic phase (range between minimum phase angle and 

maximum phase angle) and a wide phase margin benefit the control and operation of the 

transducer. Therefore, the transducer design needs modification to improve electrical 

response. It would also be desirable to further develop the control algorithm for the 

better operation of the proposed d31-mode transducer. 

 

There can be variations between the individual crystals used for single transducer 

fabrication, which can lead to the introduction of a bending mode. Therefore, several 

precautions have been taken to ensure the consistency and proper alignment of the 

piezoelectric plates. Firstly, the piezoelectric plates used for each transducer were 



DESIGN AND CHARACTERIZATION OF NEEDLE ACTUATING DEVICE 

125 

 

purchased from the same manufacturer and supplied from the same production batches. 

Secondly, the plates were measured using an impedance analyser beforehand and 

carefully selected to ensure they had the closest match among all the plates available. 

Thirdly, the bonding surfaces on the front mass were machined very precisely. Fourthly, 

a specially designed jig was used to ensure the alignment and maintain pressure during 

the curing period, as described in Section 4.3. Lastly, bending mode analysis was 

carried out to confirm the longitudinal vibration mode was maintained.   

 

Additionally, during characterizing transducers with increasing drive voltage, a resonant 

frequency shift could occur, stemming from the nonlinear behaviour within the device. 

This behaviour is often referred to as stiffness hardening or stiffness softening, where 

the resonant frequency increases or decreases, respectively (Lucas and Mathieson 

2015). It was also reported that such behaviour can be found in piezoceramic at 

relatively low excitation levels (Albareda, Perez et al. 2007; Mathieson, Cardoni et al. 

2013). Several factors, including exposure to high excitation levels, variations in device 

stiffness and material interfaces within the device can cause these effects (Lucas and 

Mathieson 2015). For the transducers proposed in this thesis, the nonlinear properties of 

the piezocrystals and the damping effect caused by the use of epoxy can also lead to 

such effects. They were not, however, investigated in this work. Because the harmonic 

characterization technique which requires bidirectional frequency sweeps under 

constant current or constant voltage condition is necessary (Albareda, Perez et al. 2007). 

The current control system needs further improvement and additional programming 

work to achieve the constant sweep function.  

 

In the large signal characterization, the power output at 70Vpp was actually quite low 

because of high impedance magnitude and no self-heating was observed. Although the 

vibration at this condition was sufficient for needle visibility test, characterization at 

higher drive voltages may give better appreciation of the potential of piezocrystal 

transducers, especially the Mn:PIN-PMN-PT transducer. Thus, future work on high 

power characterization would be worthwhile.  

 

From the characterization of all the N.A. transducers, the Mn:PIN-PMN-PT d31-mode 

transducer showed the maximum needle tip displacement under given drive conditions 

and was chosen for the experiments in Chapter 5. The next chapter will describe work 

on image quality of the actuated needle with colour Doppler imaging.  
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Chapter 5. PRELIMINARY TEST OF ULTRASOUND             

ACTUATED NEEDLE 

Ultrasound guidance of regional anaesthesia and tissue biopsy is generally accepted and 

widely used in clinical practice. However, needle visibility is poor at steep insertion 

angles and deep locations (Edgcombe and Hocking 2010). Moreover, needle deflection 

could occur during interventional procedures. These factors increase the difficulty in 

localizing the needle tip and may cause adverse results, e.g. internal bleeding, nerve 

damage and insufficiency in case of regional anaesthesia and, for biopsy, discomfort, 

pain, mis-sampling and consequent potential misdiagnosis. 

 

A potential solution to improve needle visibility was proposed in a recent study, by 

actuating the needle at low ultrasonic frequency and visualizing it under ultrasound 

colour Doppler imaging (Sadiq 2013). Although this technique has been shown to 

enhance the needle visibility, its specific performance is not yet fully determined, for 

instance the variation of needle visibility caused by insertion angle and depth, and the 

localization accuracy of the needle tip.   

 

The aim of the work described in this chapter was to investigate the influence on needle 

visibility of the insertion angle, depth and drive voltage and, also, to evaluate the needle 

tip accuracy under colour Doppler imaging. The basic experimental arrangement is 

described in Section 5.1. Investigations of how the various factors, including insertion 

angle, depth and drive voltage, affect the needle visibility are reported in Section 5.2. In 

Section 5.3, the needle tip accuracy under colour Doppler guidance in a phantom is 

measured by comparing the photographic measurement with the colour Doppler 

measurement. Repeat experiments were conducted under different insertion angles, 

exploring the relationship between localization errors and insertion angle. The degree of 

agreement between B mode guidance and colour Doppler guidance was also determined. At 

last, needle tip variation at needle-target contact was assessed in both phantom and tissue 

model.  
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5.1. Experimental Arrangement 

5.1.1. Overall Experimental Setup 

The experimental setup is shown in Figure 5.1. The needle actuation transducer with a 

standard 21G anaesthesia needle attached was installed on the motorized translation 

stage (MTS 50-Z8, Thorlabs, Ely, UK). As discussed in Section 4.4, the Mn:PIN-PMN-

PT d31 mode needle actuation transducer was used for all the imaging tests. The drive 

signal was provided by a signal generator (33220A, Agilent Technologies / Keysight 

Technologies, Santa Rosa, CA, USA) through a voltage transformer. The motorized 

stage, controlled by a servo controller (TDC001, Thorlabs, Newton, New Jersey, USA) 

could be operated manually or through the software to an accuracy of 0.1mm. The 

needle was aimed at the target in the phantom or tissue before each insertion. 

Ultrasound images were acquired using a commercial medical ultrasound system 

(SonixTablet, Ultrasonix, British Columbia, Canada) with a wideband 5-14 MHz 

imaging probe (L14-5/38 Linear). The imaging probe was aligned with the needle 

insertion plane with ultrasound gel applied for better coupling to the phantom or tissue. 

The ultrasound images were acquired on the Ultrasonix Tablet with the settings detailed 

in Table 5.1. 

 

Two studies, needle visibility test and accuracy test, were performed in this chapter with 

similar experimental setup, investigating the visibility and accuracy respectively. The 

procedures and phantom preparation with specially arranged targets are different for the 

two tests. The details will be described in Section 5.2 and 5.3.  
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Figure 5.1: Diagram of the overall experimental setup 

 

Table 5.1: Parameter settings of Ultrasonix Tablet 

Parameter 20% Gelatine Phantom Porcine Tissue 

Grey scale frequency 10.0MHz 10.0MHz 

Doppler frequency 6.6MHz 4.0MHz 

Depth 5.0cm 5.0cm 

Sector 100% 100% 

Grey scale gain 55% 60% 

Doppler gain 50% 60% 

Frame rate 8 Hz 7 Hz 

PRF /WF 4 kHz /1440 Hz 4 kHz /840 Hz 

 

5.1.2. Phantom Preparation 

Gelatine phantom fabrication 

Gelatine phantom was chosen for the test object, mainly due to its tissue mimicking 

properties and transparency. Gelatine phantom is easy to access and fabrication is 

straightforward. Since gelatine phantom in a low concentration is soft and this may 

influence the imaging quality, a concentration of 20% was chosen to give sufficient 

stiffness while maintaining transparency. The detailed fabrication procedure of gelatine 

phantom follows: 
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Ingredients: 

Gelatine powder, distilled water, targets (e.g. grapes, cherries, erasers) 

Equipment: 

Vacuum pump and vacuum jar, electronic stirrer, water bath (shown in Figure 5.2), 

weighing paper, lab spoon, electronic scale, volumetric cylinder, beaker, plastic 

phantom container, refrigerator 

 

 

Figure 5.2: Phantom Fabrication: (a) Gelatine powder; (b) Vacuum jar (with a beaker inside); (c) Water 

bath and electronic stirrer 

 

Procedures: 

a) Preparation. All the equipment and containers in contact with the powder or 

liquid should be washed with water, rinsed with distilled water and wiped dry 

with paper towel. 

b) Dissolution. Add gelatine power gradually to distilled water in the beaker in the 

appreciate ratio, stirring until well mixed. 

c) Degassing. Place the beaker in the vacuum jar, close the valve and switch on the 

vacuum pump for degassing for at least 1 hour. 

d) Heat and stir. Remove the beaker from the vacuum jar and place in the water 

bath at 90°C to 100°C. Set the electronic stirrer to 100 to 120 rotations per 

minute, making sure the end of stirrer is under the liquid level and mix for about 

1 hour.  
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e) Pouring. Switch off the water bath and electronic stirrer. Take the beaker out 

and then carefully pour the phantom solution into the prepared container with 

targets inside. 

f) Remove the extra bubbles. Leave the container at room temperature and wait 

to cooling down to 50°C to 60°C. Carefully scoop up the extra bubbles 

appearing at the surface of solution using small lab spoon.  

g) Refrigeration. Put the container into refrigerator and set the temperature to 

about 6°C. Leave it for about 12 hours. 

 

Target Arrangement 

Figure 5.3 shows the relative locations of needle, imaging probe and a target in the 

phantom, illustrating the insertion angle, depth and horizontal length. Since the usable 

length of this actuated needle is limited to 5cm, as explained in Section 4.2, the 

maximum depth varies for different insertion angles, as calculated in Table 5.2. The 

targets in the phantom or tissue must be embedded in appropriate locations before 

different angle insertions. 

 

Figure 5.3 Diagram explaining the insertion angle, depth and horizontal length 
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Table 5.2: Calculation of maximum depth for the actuated needle in the phantom 

Insertion angle (°) Max. depth (cm) 

15 1.3 

30 2.5 

45 3.5 

60 4.3 

70 4.7 

75 4.8 

 

In real visibility test, another three factors have to be considered. Firstly, the needle 

length in horizontal direction should be long enough to be seen. Secondly, the case of 

needle transducer and imaging probe might conflict at some extreme positions. Thirdly, 

needle tip location should be deep enough to avoid the disturbance of imaging probe, 

because initial pressure is normally applied on the probe to maintain good ultrasound 

coupling. This pressure can alter the tip vibration when the tip is too shallow in the 

phantom. Thus, further feasibility analysis was performed by inserting the actuated 

needle into a phantom to determine the suitable insertion angles and depths. Table 5.3 

was obtained after trials at each angle and depth. The ticks in the table indicate the 

appropriate insertion angles and depths for the current experimental setup. The colour 

areas in the table explain the reason why this specific angle and depth are not suitable. 

Although lots of specific angles and depths are not suitable for this visibility test, the 

feasible angles and depths are enough to investigate the influence on needle visibility of 

the insertion angle, depth and drive voltage. 
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Table 5.3: Feasibility analysis of suitable insertion angles and depths  

for current experimental setup 

Depth 

15° 30° 45° 60° 70° 75° 

1cm           

1.5cm  √ √    

2cm  √ √ √ √  

2.5cm   √ √ √  

3cm   √ √ √  

3.5cm    √ √  

4cm    √ √  

4.5cm     √  

5cm       

 
■ Needle is not long enough to reach that depth. 
■ Needle length in horizontal direction is too short to be seen. 
■ Needle tip location is shallow and the vibration will be altered by the probe. 
√ Both of the depth and the horizontal length are suitable for imaging. 
 

 

Based on feasibility analysis of different insertion angles and depths, the locations of 

targets were determined so that the needle tip could reach the targets. The detailed 

diagram of the phantom setup is shown in Figure 5.4. This setup was used for the needle 

accuracy test described in Section 5.3. 

 

Figure 5.4: Front view of prepared gelatine phantom with embedded grape targets 

  

Angle 



PRELIMINARY TEST OF ULTRASOUND ACTUATED NEEDLE 

133 

 

5.2. Needle Visibility Test 

In this section, the effect of various factors, including insertion angle, depth and drive 

voltage on needle visibility is investigated. In this study, the non-actuated and actuated 

standard needle was inserted into gelatine phantom and fresh porcine tissue to compare 

the needle visibility under B mode and colour mode. Afterwards, the obtained group 

images were compared and analysed. 

5.2.1. Experimental Procedure 

The experimental setup is shown in Figure 5.1. The needle actuation transducer was 

driven at its needle resonant mode (19900Hz) with different drive voltages (0V, 5V, 

15V, 25V, 35V, 45V) for each angle and depth. The needle was oriented at different 

angles (30º, 45º, 60º, 70º), before insertion, and gradually advanced to the 

corresponding maximum depth (see Table 5.3) in 5mm step by the motorized stage. 

Here, the static needle (0V drive voltage) was imaged using the B mode, representing 

the standard needle visualized by B mode. Gelatine phantom and fresh porcine tissue 

were used as specimens for image comparison. 

 

The detailed procedure of needle visibility test was as follows: 

a) Adjust the angle bracket to achieve the required angle (30º, 45º, 60º, 70º). 

b) Advance the needle into the phantom, stopping the motor when the needle tip 

has been inserted 5mm. 

c) Align the ultrasound probe in the needle plane, adjusting to obtain the best 

needle image, then clamp the probe. 

d) Drive the needle actuation transducer at its resonant frequency at 0V, 5V, 15V, 

25V, 35V, 45V and save the B mode and colour Doppler images 

e) Advance the needle by 5mm and repeat the last step until the needle tip reaches 

the maximum depth 

 

5.2.2. Results and Discussion 

Effect of drive voltage on needle visibility 

Figure 5.5 and Figure 5.6 show images of the needle in gelatine phantom and porcine 

tissue respectively at 60º and a depth of 2.5cm. The needle in different images was 
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driven with voltages of 0V, 5V, 15V, 25V, 35V and 45V respectively. Again, the static 

needle (0V drive voltage) was imaged using the B mode, representing the standard 

needle visualized by B mode. 

 

The results indicate that with higher drive voltages, the needle image is better covered 

with colour from the colour Doppler mode. In the gelatine phantom (Figure 5.5), the 

needle image under B mode is quite good, showing the complete needle shaft and 

distinct needle tip. The B mode image is totally blurred in porcine tissue (Figure 5.6), 

showing that the needle tip is hard to distinguish and the needle shaft is buried in the 

background. The needle actuated by ultrasound at higher voltages (25V, 35V, 45V) is 

more visible in colour Doppler mode, especially in the porcine tissue, and the needle tip 

can be easily localized. This is because the needle is highlighted with the needle shaft 

and tip illuminated by the colour pixel, making it much more distinguishable. 

 

 

Figure 5.5: Visualized vibrating needle in gelatine phantom at angle of 60º, depth of 2.5cm with voltages 

(5V, 15V, 25V, 35V, 45V) 



PRELIMINARY TEST OF ULTRASOUND ACTUATED NEEDLE 

135 

 

 

Figure 5.6: Visualized vibrating needle in porcine tissue at angle of 60º, depth of 2.5cm with voltages (5V, 

15V, 25V, 35V, 45V) 

 

Although higher drive voltages generally give better images, problems can occur with 

too high a voltage. Figure 5.7 shows the images obtained from the porcine tissue at an 

angle of 30º, depth of 1.5cm and drive voltages of  0V, 5V, 15V, 25V, 35V and 45V. It is 

observed that with the increasing drive voltage, the integrity and distinctness of the 

needle as well as its tip are improved. It is also noticed that when the drive voltage is 

gradually increased, the needle tip will be picked out first and subsequently the needle 

shaft. The colour area at the tip is always wider than the needle shaft. In some cases, 

artefacts appear as a “tail” near the needle tip. At 25V, abnormal colour pixels appear 

around the needle tip obviously not belonging to the needle. This abnormal colour area 

becomes larger with increasing voltage, seriously affecting the recognition of needle tip. 

These observations can be attributed to the largest displacement occurring at the needle 

tip (see Chapter 4). The reverberation of ultrasound signal caused by the needle tip 

might be another reason, but needs justification. 
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Figure 5.7: Visualized vibrating needle in porcine tissue at angle of 30º, depth of 1.5cm with various 

voltages (5V, 15V, 25V, 35V, 45V) 

 

In some cases, it was noticed that only part of the needle shaft is highlighted no matter 

how high the drive voltage. Two reasons could explain this: Firstly, there is 

misalignment between the needle and imaging plane. Since the ultrasound imaging 

plane normally has a thickness of only 1mm, the long needle could easily lie outside 

this at the edge of the field view. Secondly, the phantom or tissue may not be in good 

contact with the inserted needle. Then the ultrasound signals reflected from the needle 

surface directly to the transducer can be smaller. Since some of the Doppler shift signals 

are caused by the movement of tissue surrounding the needle, if the contact is not good, 

the friction will not cause the movement of tissue at those positions, consequently no 

Doppler shift signal would be detected.  

 

Effect of insertion angle on needle visibility 

To investigate how the insertion angle influences the needle visibility, the needle images 

at insertion angles of 30°, 45°, 60° and 70° are compared in Figure 5.8. All the images 

were obtained when the needle was inserted to a depth of 2cm and actuated at 45V. 

Comparing the images in gelatine phantom, that at 45° has better needle visibility than 

other angles, with the complete needle shaft, distinct needle tip and great sharpness of 

needle surface. This could be explained that when inserting at 30°, less vibration 

induced movement could be captured, because Doppler imaging is capturing the 

velocity along the ultrasound wave. While for 60° and 70° insertion, most of the 
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ultrasound echoes bounce off instead of being scattered back to be detected by the 

imaging transducer, because the smooth needle acts as a specular reflector. 

 

Although inserting at 45° provides the best image, the artefact at the tip is more obvious 

than at other angles. This phenomenon is more serious in porcine tissue, as shown in the 

Figure 5.8 (b). The tail-shape artefact expands to a large coloured area, much greater 

than the diameter of the needle shaft, making it difficult to localize the tip. It was found 

that the size of this artefact can be reduced by decreasing the drive voltage. It is 

observed in porcine tissue that inserting at 60° gives a better needle image than at 45°, 

with much less noise at the tip and the complete needle shaft visible.  

 

  

(a) (b) 

Figure 5.8: Visualized vibrating needle in (a) gelatine phantom and (b) porcine tissue with voltage of 45V, 

depth of 2cm at insertion angles of 30°, 45°, 60°, 70° 

 

Effect of insertion depth on needle visibility 

The images in Figure 5.9 demonstrate the effect of insertion depth on needle visibility. 

The images on the left side are for gelatine phantom and the ones on the right side are 

for porcine tissue. They were obtained under the same conditions of 70° insertion angle 

and 45V drive voltage. It is observed in both gelatine phantom and porcine tissue that 

the needle is well highlighted in the shallow region, but the length of shaft highlighted 

is much shorter when reaching to the depth of 3.5cm. In gelatine phantom, half of the 

needle is invisible at the depth of 3.5cm, but the needle tip is still clearly visualized, 
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while for the porcine tissue at the same depth, the needle shaft is invisible with only the 

needle tip visualized. The visibility of needle can be seriously reduced when the needle 

reaches certain depth (3.5cm in this study). This could be possibly explained that, as the 

needle penetrates deeper, the contact surface between the needle shaft and the tissue 

increases, consequently increasing the friction, causing the frequency shift and reducing 

the needle vibration. This would cause the Doppler signal beneath the threshold 

sensitivity. However, sometimes the needle tip still has the enough vibration, making the 

Doppler signal above the threshold sensitivity.  

 

  

(a) (b) 

Figure 5.9: Visualized vibrating needle in (a) gelatine phantom and (b) porcine tissue with voltage of 45V, 

angle of 70º at different depths (2cm, 2.5cm, 3cm, 3.5cm) 
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5.3. Needle Accuracy Test 

The ability of actuating the needle to enhance visibility under colour Doppler guidance 

has been proved and different factors affecting the visibility have been investigated. The 

actuated Doppler needle is a promising solution for poor needle visibility. However, the 

accuracy and agreement data have not been established. Therefore, three experiments 

were conducted in this section. Firstly, the needle tip accuracy under colour Doppler 

guidance was measured by comparing the photographic measurements with the colour 

Doppler measurements in a phantom model. Repeated experiments were performed at 

different insertion angles, exploring the relationship between localization accuracy and 

insertion angles. In the second experiment, the agreement between B mode guidance 

and colour Doppler guidance was estimated. Finally, in the third experiment, needle tip 

response at needle-target contact was assessed in both phantom and tissue. The results 

from needle visibility test help to guide the experimental settings, including proper drive 

voltage, the optimised parameter settings for Ultrasonix Tablet and the appropriate 

locations where targets should be embedded.  

 

5.3.1. Experimental Setup 

First experiment  

To measure the accuracy of needle tip location under colour Doppler guidance, a 

comparative study was performed in a transparent phantom. The experimental setup was 

shown in Figure 5.10. This was like the needle visibility test, with the actuated needle 

controlled by the stepped motor stage, but now the needle was inserted into a 

transparent gelatine phantom contained in a box with side Perspex window. Rectangular 

rubber targets were embedded in the phantom at fixed locations described in Section 

5.1. The rubber is chosen as the target mainly because it has flat surfaces and is clearly 

visible under ultrasound imaging. Besides, it can be easily embedded in phantom 

without damage during fabrication. The rubber is also stiff enough to give obvious force 

feedback when in contact with needle tip, which helps to judge the moment of contact.  

 

A high resolution digital camera was placed in front of the phantom container and 

focused on the plane of the needle tip and rubber target. A tripod equipped with level 

calibrator was used to hold the camera and align with the phantom. The needle was 
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advanced incrementally (initially in 2mm steps then in 0.5mm steps) towards the target, 

and imaged using ultrasound and photographs taken via the Perspex window. Paired 

measurements of the distance from the needle tip to the rubber target were obtained. The 

measurement began from a point approximately 7mm from the target, and stopped when 

the needle tip contacted the target. A load cell was used to judge the moment when the 

tip contacted the target, followed by a sudden increase of force displayed on the scope 

in Labview. Five repeat measurements were conducted for each insertion angle (30°, 

45°, 60°). The parameter settings of Ultrasonix were the same as those for the visibility 

tests. As driving the transducer at too high a voltage would cause too much artefacts 

around the needle tip, 35V was chosen as the drive voltage for this study. 

 

Figure 5.10: Experimental setup for needle accuracy test with rubber inclusion 

 

In this experiment, the method to analyse the data was to compare the results from 

paired images obtained from ultrasound and photograph. All the ultrasound images and 

photographs were imported to a computer and analysed by image processing software 

ImageJ. The distances vertical and along the needle axis between the needle tip and 

target were measured. In the Doppler ultrasound images, the forward edge of colour 

area was taken as the needle tip. In Figure 5.11, side AC of the right triangle ABC is the 

axial distance and BC is the vertical distance. Using the theory of Pythagorean, it is also 

possible to calculate the length of AB, the horizontal distance. Here, the location 

determined by the photographs was considered as the true position of the needle tip. 

Therefore, the localization accuracy of needle tip can be determined by calculating the 

difference between the Doppler measurement and the photographic measurement. 
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(a) (b) 

Figure 5.11: Image processing to localize the needle tip position shown in (a) photo and (b) ultrasound 

image 

 

Second experiment 

To further investigate needle tip accuracy in a more realistic model, a gelatine phantom 

was made incorporating grapes. Grapes are soft with a relatively stiff outer surface and 

are acoustically and mechanically similar to tumours. Grape phantoms are commonly 

used in biopsy training (Fornage 1989; Bude and Adler 1995). Figure 5.12 shows the 

new experimental setup using grapes as targets and without the camera. Because grapes 

are spherical, it was not practical to use photographs to determine the distance. Instead, 

conventional B mode imaging technique was used to visualize the needle tip and target, 

and from that, measure the distance between needle tip and grape.  

 

 

Figure 5.12: Experimental setup for needle accuracy test with grape inclusion 
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The general procedure is similar to the first experiment, with the ultrasound actuated 

needle advanced incrementally at different angles using a mechanical stage, but paired 

images were captured from Doppler mode and B mode rather than photographs. The 

distance between the needle tip and grape was measured for both modalities. Also, to 

estimate the needle tip accuracy in a wider range, the measurement began 20mm from 

the target. The needle was advanced incrementally in 5mm steps at first, until about 

5mm away from the target, then in 1mm steps, until the tip contacted the target.  

 

In this experiment, the Doppler and B mode measurements were used to determine the 

distance between needle tip and target. However, the ‘true’ value of the distance is 

unknown. Currently in clinical field, the conventional B mode ultrasound is commonly 

used to localize the needle tip. It is meaningful to compare the two methods of 

measurement to determine whether these two methods can be used interchangeably or 

the Doppler method can replace the established B mode method. In many articles 

(Bland and Altman 1986; Bland and Altman 1995; Bland and Altman 1999), the use of a 

graphical method is suggested to plot the difference scores of two measurements against 

the mean for each subject and look for equivalence.  

 

Therefore, after obtaining the paired measurements from B mode and Doppler mode, 

the Bland-Altman analysis was performed by calculating the mean difference between 

two measurements and 95% limits of agreement as the mean difference (2SD). If the 

95% limits include 95% of differences between the two measurement methods (Myles 

and Cui 2007), then the Doppler mode method agrees sufficiently well with the B mode 

method. 

 

Third experiment 

It is also important to understand the variation of the actuated needle at the moment of 

contacting the target. Because it is necessary to know if the needle tip can still be seen 

and what may change when hitting the target. To investigate this, the variation of needle 

image when the tip moves close to, indents and penetrates the target was investigated. A 

grape was again selected as the target because of its acoustic properties and also because 

it allows needle penetration. 

 

In this experiment, the needle started about 2mm from the grape, and was moved in 
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0.1mm steps, until it penetrated into the grape to investigate the variation of needle 

image for the needle-grape contact moment. The same experiment was repeated on 

porcine tissue with an embedded grape.  

 

5.3.2. Results and Discussion 

Results of first experiment 

All the paired measurements were plotted as data points in a single diagram. Linear 

regression analysis was performed in Microsoft Excel (2010) to determine the 

relationship between the two measurement techniques. Figure 5.13 shows the 

relationship between Doppler and photographic measurements. Each point in the graph 

is calculated from paired images. In the plot, the x axis is the axial distance (line AC) 

measured from the Doppler image and the y axis is the axial distance measured from the 

photograph. A linear trendline was plotted to fit the data points and the slope was 

calculated. Here, the distance measured from the photograph was considered to be the 

true distance between needle tip and target. The slope of the fitted trendline was 

calculated as 1.104, indicating that the distance measured from Doppler image is a little 

less than the true distance. Since the movement of the tip and surrounding tissue are 

both imaged by the Doppler, the size of needle tip displayed in Doppler image is 

normally larger than its real size, consequently reducing the estimated distance between 

the tip and target. However, the distance measured from the Doppler image is found to 

be much larger than the true distance when the distance is less than 1.5mm. These 

anomalous data points are marked by the red ring and require further investigation. 
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Figure 5.13: Relationship between Doppler and photographic measurements 

 

In order to investigate these anomalous data points, images showing the needle tip close 

to the target were studied. The images in Figure 5.14 show the needle tip about 1.5mm 

from the target, then moved forward in 0.5mm steps until contact. The needle tip is 

actually moving close to the target, as can be seen in the photographs, but the relative 

distance measured from Doppler image doesn’t change that much. Because it is 

observed that the colour area at the tip gradually reduces as it approaches the target. 

According to the principle of colour Doppler imaging, the Doppler signal is capturing 

the movement of needle and surrounding media. When the vibrating needle is close 

enough to the rubber, the vibration energy of surrounding media could be absorbed by 

the rubber, making the colour area at the tip smaller. It also indicates that the rubber 

target causes measurement errors at final positions.  
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(a) 

  

(b) 

  

(c) 

  

(d) 

 
 

Figure 5.14: Paired images obtained from Doppler ultrasound (left) and photographs (right) when the 

distance is about (a) 1.5mm, (b) 1mm, (c) 0.5mm, (d) 0mm 

 

Because of the problems and observations near the rubber target, the data points closer 

than 1.5mm were excluded from the final analysis. About 20 paired measurements for 

each angle were used for the final calculation of average errors and standard deviation, 

as shown in Table 5.4.  
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Table 5.4: Average error in axial distance measurements 

Insertion angles Average error (mm) Standard Deviation (SD) (mm) 

30° -0.59 0.38 

45° -0.58 0.44 

60° -0.32 0.32 

All angles -0.50 0.41 

 

Here, the errors for all different angles are negative, meaning the Doppler measured 

distance is smaller than the true distance measured from photographs. The 60° needle 

insertion has a smaller error than the other insertion angles, which can be attributed to 

fewer artefacts observed at this angle.  

 

In clinical practice, there is no established criteria for needle insertion accuracy and the 

required accuracy varies for different applications. For example, the desired 

performance in some common needle procedures, such as biopsies for prostate, kidney, 

breast and liver, is in millimetre level, while in brain, foetus, eye and ear, placement 

accuracy of micro-millimetres is sought (Abolhassani, Patel et al. 2007). The results 

from this experiment indicate the potential for the active needle to be utilized in biopsies 

for prostate, kidney, breast and liver. 

 

Results of second experiment 

In the second experiment, paired images were captured from Doppler mode and B mode 

rather than photographs. The distance between the needle tip and grape was measured 

for both modalities. Figure 5.15 represents the relationship between B mode 

measurement and Doppler measurement. Each data point was obtained from paired 

images. The trendline was plotted and the coefficient of determination calculated as 

0.97, indicating good fitting of data points. The slope of the trendline was 1.01, very 

close to 1, indicating close agreement between the two modalities.  

 

As discussed above, the needle tip accuracy with the rubber targets is only valid for 

≥ 1.5mm from the target. In this experiment, no anomalous data points were observed 

when the needle tip was close to the grape target. It is possibly because the grapes 

eliminate the vibration absorption phenomenon, and consequently overcome this 

limitation.  
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Figure 5.15: Relationship between B mode and Doppler measurements 

 

By applying the Bland-Altman method, the agreement plot shown in Figure 5.16 was 

obtained. The 95% limits of agreement are -1.94mm to 1.61mm, containing 95% 

(70/74) of the difference data points, which means the colour Doppler method agrees 

sufficiently well with the B mode. The mean difference of the measurements between B 

mode and Doppler mode is -0.16mm. In general, the data points are evenly distributed 

on both sides of the mean line, indicating a uniform difference along the insertion path.  

 

It is noticed that several points have large differences (greater than 3mm). These points 

were doubled checked by re-analysing the paired images. Two possible reasons are 

proposed that: (1) The needle was not perfectly aligned with the ultrasound imaging 

plane, leading to the invisibility of the needle tip. Thus, in these cases, the end of visible 

shaft was considered as the needle tip. (2) Artefacts appear around the needle tip under 

Doppler mode, introducing errors in localizing the needle tip.  
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Figure 5.16: Bland-Altman plot of the difference between Doppler and B mode measurement against the 

mean of the distance from both modalities 

 

Results of third experiment 

To investigate the variation of needle image when the tip moves close to, indents and 

penetrates the grape target, the B mode and corresponding Doppler mode images 

representing the three special moments were picked out, as shown in Figure 5.17 and 

Figure 5.18. In the phantom, the shaft and tip of the needle are clearly identified in both 

modalities. The image under Doppler mode displays artefacts, especially near the tip. 

These are likely caused by the ultrasound reflection and reverberation from the bevel tip 

of needle. These artefacts occur at both modalities, they are weak in B mode, but are 

enhanced under Doppler mode. As the needle is advanced further and dents the grape, it 

is confirmed in B mode that the grape changes shape at the point of contact. At the same 

time, the needle tip position indicated by Doppler image is on the grape layer as well, 

without artefacts expanding into the grape layer. This could be explained by the 

assumption that acoustic vibration energy caused by the needle is not transmitted into 

the grape when they are in soft contact. When the needle penetrates into the grape as 

shown in Figure 5.17 (c), the artefacts at the tip in the Doppler image are reduced. The 

reason for this needs further investigation.  
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(a) 

  

(b) 

  

(c) 

  

Figure 5.17: B mode images and corresponding Doppler mode images representing three moments: (a) 

before contact with grape, (b) indentation of grape and (c) penetration of grape (in gelatine phantom) 

 

The needle images in porcine tissue are compared in Figure 5.18. It is difficult to 

distinguish the needle tip from the background in B mode image. In comparison, both 

the shaft and tip are highlighted in Doppler mode, making it much easier to localize the 

tip. However, artefacts are observed near the tip, like those observed in the phantom. 
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Likewise, as the needle dents the grape, the curved grape layer is observed in B mode 

and no acoustic vibration energy transmitted into the grape in Doppler image. As the 

needle penetrates into the grape, it becomes rather difficult to identify the tip in B mode. 

In contrast, it is quite clear in Doppler mode, without significant artefacts near the 

needle tip. 

 

(a) 

  

(b) 

  

(c) 

  

Figure 5.18: B mode images and corresponding Doppler mode images representing three moments: (a) 

before contact with grape, (b) indentation of grape and (c) penetration of grape (in porcine tissue) 
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5.4. Discussion and Conclusions 

To investigate the visibility and accuracy of the actuated needle under colour Doppler 

imaging, needle visibility test and needle accuracy test were conducted. In  the needle 

visibility test, the observation of better needle shaft and tip visibility in porcine tissue 

corresponds to the findings of Jones (1997). Experimental results in both phantom and 

porcine tissue show that the vibrating needle gives better shaft and tip visibility at 

insertion angles greater than 45° and up to 70°. However, artefacts can appear near the 

tip and increase with drive voltages.  

 

The aim of the needle accuracy test was to determine the localization accuracy of the 

tip. Based on the results of first experiment conducted in a transparent gelatine 

phantom, the needle tip accuracy is -0.59 ± 0.38mm at 30° insertion angle, -0.58 ± 0.44 

mm at 45° insertion angle and -0.32 ± 0.32mm at 60° insertion angle. The overall 

average error, regardless of insertion angles, is -0.50 ± 0.41mm. However, experiment 

results indicate inaccuracies at distances < 1.5mm from the target. It is hypothesized 

that this phenomenon is due to absorption of vibration energy of surrounding media by 

the rubber, reducing the size of the colour area at the tip. In a second experiment, 

replacement with a grape inclusion improved the results. However, the ball-shaped 

target made the direct photographic measurement impossible. Instead, B mode imaging 

was used and the agreement between B mode and Doppler mode was determined. 

Bland-Altman analysis was performed and it was found that 95% limits of agreement 

were -1.94mm to 1.61mm. 

 

The third experiment was performed on both gelatine phantom and porcine tissue to 

investigate the variation of needle image when the needle is close to the grape and 

penetrating the grape. Results show that the artefacts around the tip will not expand into 

the grape when the needle tip is in soft contact with the grape layer, and the artefact 

reduces as the tip penetrates the grape. This phenomenon could help determine the 

needle- target contact moment. 

 

A criticism of this study was that the needle accuracy test was performed in a gelatine 

phantom which provided artificially good images. Measuring the needle tip accuracy in 

porcine tissue or cadaver tissue would give more realistic and reliable results. However, 

the visibility of needle under B mode can be seriously reduced in real tissue, as 
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observed in the needle visibility test. It is quite common not able to recognize the tip in 

tissue under B mode. Without a reference, it is impossible to determine the needle tip 

accuracy by only measuring the distance under Doppler mode.  

 

Despite the needle accuracy test being in a phantom model in this study, the calculated 

accuracy under this ideal situation gives an indication of the highest possible accuracy 

of the active needle technology, providing a reference for future translational studies on 

tissue. The results support the potential utilization of the active needle in biopsies for 

prostate, kidney, breast and liver, where needle placement error of millimetre level is 

acceptable. For regional anaesthesia, the actuated needle may have enough accuracy for 

ultrasound guided nerve block of superficial structures which have well delineated 

epineurium and marked acoustic contrast to surrounding tissue. Further studies are 

warranted investigating the accuracy and reliability of this device in animal and cadaver 

tissue. 
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Chapter 6. CONCLUSIONS AND FUTURE WORK 

6.1. Conclusions 

The work presented in this thesis has focused on the design and development of a 

needle actuation device using single crystal. This device is capable of resonate a 

standard medical needle at low ultrasonic frequency so that the needle can be better 

visualized under colour Doppler mode with standard ultrasound machine. The proposed 

d31-mode needle actuation transducer based on planar transducer design was fabricated 

and characterized. Related experimental work was carried out to study the reliability of 

the device.  

 

The background knowledge of percutaneous needle procedure was first introduced, 

focusing on the advantage of ultrasound guidance and the current challenges faced by 

the clinicians. Existing technologies to improve the needle visibility along with their 

limitations were reviewed. Enhanced needle visibility was observed under colour 

Doppler imaging using ultrasound actuated needle. Design of the needle actuation 

transducer is the key issue for this technology. Subsequently, high power ultrasonics and 

transducers were reviewed in detail, focusing on the design and characterization of such 

transducers.  

 

Understanding of the characteristics of piezocrystals, especially the performance 

variations under practical conditions, is important and necessary before utilizing them in 

transducers. Therefore, the material characterization work was carried out. It can be 

divided into two parts. One was about the full property matrix measurement of PIN-

PMN-PT and Mn:PIN-PMN-PT single crystals under ambient condition. The other 

focused on the application-oriented characterization to determine the trends in the 

intrinsic behaviour when three generations of single crystals were experiencing ranges 

of temperature and pressure in practical use. It was observed from the results that 

pressure in the range to 60 MPa seemed to have an extremely detrimental effect on the 

performance of piezocrystals. The performance deteriorated significantly when 

exceeding 20 MPa uniaxial pressure. The specific experimental measurements indicated 

relatively little or no advantage from Mn-doping with respect to immunity to 

environmental pressure. This pressure sensitive nature of the piezocrystals limited their 

use in this ultrasound needle-actuation application, because prestress up to 40 MPa was 
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needed for Langevin design (Sherman and Butler 2007).  

 

In order to avoid direct pressure loading when assembling piezocrystal into transducer, a 

design based on planar transducer was proposed. The transducer configuration was 

designed and developed through FEA method. Prototyping was realized with both 

piezoceramic and piezocrystal incorporated in the same overall design, the former based 

on PZT4 and the latter based on Generation I PMN-PT and Generation III Mn:PIN-

PMN-PT. According to the characterization results, the significant improvement in 

properties of piezocrystals can be exploited in practice in additional performance in 

needle actuation transducers, which indicated their potential to supersede traditional 

piezoceramics in actuator applications. 

 

The visibility of an ultrasound actuated needle under colour Doppler imaging was 

demonstrated when inserted into a gelatine phantom and directed towards a target. 

Experiments using rubber and grape inclusions demonstrated the accuracy and 

agreement of the actuated needle tip, compared with paired measures on images. 

Moreover, accuracy was maintained at high angulations relative to the ultrasound 

transducer. As visibility of needle tip and shaft is commonly lost with high angulations, 

this advantage of the actuated needle is considered as a distinct advance over needle tip 

imaging on B-Mode ultrasound. The results indicate the potential for the ultrasound 

actuated needle to be utilized in biopsies for prostate, kidney, breast and liver. For 

regional anaesthesia, it may have enough accuracy for ultrasound guided nerve block. 

  



CONCLUSIONS AND FUTURE WORK 

155 

 

6.2. Future work 

The application oriented characterization work reported in this thesis focused on the TE 

plates and corresponding available parameters. Further work is required to obtain the 

full property matrix under varying conditions, which will definitely benefit ultrasonic 

researchers by allowing them to import the relevant material properties under 

corresponding conditions into models.  

 

The d31-mode needle actuation transducer proposed in this thesis showed better dynamic 

performance than conventional Langevin transducer, however, its narrow phase margin 

at resonant mode made it difficult to track the resonant frequency. Therefore, further 

improvement of the transducer is necessary to improve its electrical response. It would 

also be desirable to further develop the control algorithm for better operation of         

d31-mode transducer. For example, the cross-correlation technique could be applied to 

calculate the frequency shift of resonant mode, so that the function of frequency 

tracking can be achieved. Integrating the whole control system into a more compact and 

portable package will benefit the clinical application of needle actuating transducer. 

Furthermore, to better understand the potential of piezocrystal transducers, especially 

the Mn:PIN-PMN-PT transducer, high power characterization of the transducers can be 

considered as future work.  

 

For preliminary tests, further studies are warranted investigating the accuracy and 

reliability of this device in animal and cadaver tissue. Other ways to localize the needle 

tip and the target in tissue have to be considered. For example, attach a tiny imaging 

transducer at the needle tip to determine the distance between needle tip and target in 

tissue. Further refinement of the needle image might improve the localization accuracy, 

but it needs verification. Developing an image processing algorithm to present the 

needle shaft and needle tip in real time on screen can be another method to further 

improve the needle visualization. For biopsies, mechanical needle guides or optical 

needle guides could be designed to maintain the perfect needle-beam alignment during 

the whole needle insertion procedure.  
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