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Abstract 

Abstract 

Needle intervention procedures are now frequently conducted in hospitals and clinics, 

because of the benefits of minimal invasiveness, possible manoeuvrability with needle 

deflection, and good compatibility with other medical procedures like imaging in 

laparoscopy. A lab-based prototype of ultrasound-actuated needle was previously 

designed in Dundee, which demonstrated some potential advantages in needle 

visualisation. However, the performance of this device was not consistent under 

different trial conditions because of the lack of understanding of the interaction between 

the ultrasonic needle and soft tissue. Better and in-depth understanding of this 

interaction mechanism will help on both how to better design this ultrasonic needle 

device and how to achieve better operational performance and acquire real-time 

feedback information for medical benefits in practice. The aim of this study is to 

investigate the needle-tissue interaction interface in the example of ultrasonic needle 

intervention in soft tissue, as so to achieve more stable performance for the ultrasonic 

needle device and to explore new functionalities for medical benefits with the 

ultrasound actuation. 

First, mechanical properties of tissue mimicking phantom, ex vivo tissue and Thiel-

embalmed tissue were characterised. Second, full characterisation was done on the 

designed prototype of piezoelectric needle device, and vibration optimisation was 

carried out with adaptive driving for high power output. Third, investigation on needle-

tissue interaction with ultrasound actuation was performed on two main aspects: (1) 

ultrasound actuation effects with the reduction of insertion force, needle deflection and 

tissue damage; (2) ultrasound perception with the ability to detect the loading condition 

in operation by electrical impedance and frequency change. Finally, an anaesthesia case 

study was performed on needle visualisation and ultrasonic perception to serve as a 

proof of concept, with additional detailed explanation on the medical application 

background and working principles in technology. 

From the results of experiments, numerical modelling and anaesthesia case study, it is 

concluded that: (1) vibration performance of ultrasonic needle device can be affected by 

varying loading conditions, and full characterisation and adaptive driving optimisation 

help to maintain stable performance for medical benefits with reduced penetration force, 
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Abstract 

reduced needle deflection and better visualisation of needle shaft and needle tip; (2) the 

effect on electrical impedance by loading conditions can be used as useful feedback for 

the ultrasonic needle device, and the proposed ultrasonic perception function offers the 

capability to sense the different loading conditions by different types of tissue on the 

needle in operation to facilitate practitioners on targeting. All these explored benefits 

help the operational clinicians with more information for accurate needle placement and 

less risk for patient. To make it more clinically viable, future work should focus on the 

preclinical trials with an easy operational assembly in a fully integrated system.  
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Chapter 1 Introduction 

In industry, ultrasound has been utilised for quite a long time in metal forming for a 

reduced static force, in which ultrasonic vibration is superimposed on the machined metal 

specimen with plastic deformation (Daud et al., 2007). In medical instruments, ultrasound 

has also been used in the bone dissection for improved manoeuvrability and higher 

cutting precision with a reduced and controlled reaction force (Misonix, 2015). However, 

there are still some problems for these power ultrasonic applications, like burning effect 

in industry and necrosis generation in medical usage. These operational problems reflect 

the lack of proper understanding on the interface between the target and the ultrasonic 

device. Better understanding of the interface interaction is expected to facilitate both the 

medical instrumentation design and the improved medical benefits for patients. To well 

address the limited understanding of the interface, in this research, we aim to investigate 

the interaction mechanism at interface in the example of ultrasonic needle intervention in 

soft tissue. 

Needle intervention procedures are now frequently conducted in hospitals and clinics, 

because of their minimal invasiveness, possible manoeuvrability with needle deflection, 

and good compatibility with other medical procedures like drug delivery with catheter 

and imaging in laparoscopy. (Abolhassani, 2006). In conventional protocol, the biopsy of 

soft tissue and anaesthesia are conducted with B-mode ultrasound guidance in real-time. 

The 2D grey scale ultrasound image helps the clinician to identify different types of 

biological structure, plan the needle insertion trajectory, and monitor the needle position, 

especially the needle tip, during the insertion. This universally adopted technique may 

meet obstacles to identify the needle shaft and tip, when the needle is in deep locations 

(Cheung and Rohling, 2004) and at steep angles (Edgcombe and Hocking, 2010). Needle 

bending and poor visualisation will affect the judgement of needle placement and lead to 

medical complication with failed biopsy and ineffective anaesthesia. Severe 

consequences with wrong targets will induce internal bleeding, function loss and even 

permanent damage (Brull et al., 2007; Neal et al., 2008; Sites and Antonakakis, 2009). 

Good understanding of the needle-tissue interaction and clear visualisation of needle tip 

are essential to perform a safe and effective operation in intervention procedures. 
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In some special medical cases, like epidural anaesthesia, it is even harder to visualise the 

needle. Because the targeted epidural space is underneath the vertebra and ultrasound 

wave can hardly penetrate the bones for imaging. Under current protocol, the conduction 

of epidural anaesthesia more relies on the pre-scanning with ultrasound for planning and 

tactile feedback from clinician for real-time controlling. This special expertise requires 

well experienced and long-term training and practice. Misplacement-induced 

consequences with deeper penetration include spinal fluid loss, serious headache, and 

damage to the spinal cord. A good perception system, which can help to identify where 

the needle tip is located in epidural anaesthesia, is always expected from clinical 

practitioners. One possible perception solution by using ultrasonic impedance response to 

fulfil this task is to be discussed in this thesis, based on the full understanding of the 

correlation between the electrical impedance and the tissue loading conditions at interface.  

1.1 Research objectives 

This study aims to investigate the interaction mechanism at interface in the example of 

ultrasonic needle intervention in soft tissue. The study starts with the investigation of 

mechanical properties for soft tissue and tissue mimicking materials, and carries on with 

the performance optimisation for an ultrasonic needle device, and then continues with the 

interaction investigations on force reduction mechanism and ultrasonic perception 

mechanism, and finally presents a case study in the case of medical anaesthesia. 

The specific objectives are: 

1. To characterise the mechanical properties of soft tissue and tissue mimicking 

phantom for a better understanding of their mechanical behaviour; 

2. To investigate the piezoelectric needle device design with systematic analysis and 

adaptive driving method for better vibration performance in high power 

application; 

3. To investigate the needle-tissue interaction mechanism during ultrasonic actuation 

on the benefits of reduced penetration force, needle deflection and mechanical 

damage with ultrasonic needle vibration; 
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4. To investigate the reason for the penetration force reduction with ultrasonic 

actuation in needle-tissue interaction with theoretical analysis, experimental trials 

and numerical validations; 

5. To investigate the ultrasonic perception mechanism with ultrasonic actuation in 

needle-tissue interaction with detailed analyses of medical procedure and 

technology principles;  

1.2 Contribution to knowledge 

The direction of this research is targeted at investigating the needle-tissue interaction for 

medical needle intervention procedures by using ultrasonic actuation of the standard 

needle. In the research process, some new knowledge and understandings have been 

generated and summarised on related topics, as shown in the following parts: 

1. How the loading condition affects vibration performance of the ultrasonic needle 

in operation: the loading force, which comes from combination of tissue stiffness, 

interface friction and fracture toughness, makes the resonant frequency shift and 

impedance magnitude increase; when driven at a constant voltage and fixed 

frequency, vibration performance reduces because of decreased driving current. 

2. How the vibration performance can be optimised by full characterisation and 

adaptive driving: proper pre-stressing for transducer assembly and resonance 

matching between needle and transducer help with higher vibration; adaptive 

driving with a stable driving current helps to maintain the vibration performance 

under varying loading conditions. 

3. How the penetration force reduction happens in ultrasonic needle device: 

experimental trials and numerical validation suggest the reduction mechanism 

may come from the reduction of friction coefficient between the contacts when 

the needle vibrates with smoothness. 
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4. How the ultrasonic perception works in principle: the loading condition changes 

the electrical impedance of ultrasonic device with impedance magnitude variation 

and frequency shift; these two parameters are expected to be utilised to represent 

the external loading for perception or sensing. 

5. How the ultrasonic needle visualisation works in principle: ultrasonic needle 

vibration is used under ultrasound Doppler imaging mode; the mapped colour on 

needle shaft and tip can be utilised for needle visualisation. 

1.3 Content of thesis 

Chapter 2 reviews the background literatures relating to the four major constituents of 

this research. Research initiatives on the interface are first explained for the application of 

power ultrasonics; needle intervention procedures are introduced with detailed 

explanation of currently adopted technologies for better targeting accuracy. Then, 

biomechanical behaviour of soft tissue is explained with characteristics of inhomogeneity, 

anisotropy, hyperelasticity, and fracture initiation and evolution. One typical medical 

ultrasonic system and performance characterisation parameters for piezoelectric 

transducer are then presented. Finally, modelling techniques for needle-tissue interaction 

are demonstrated. 

Chapter 3 details the mechanical property characterisation of tissue mimicking material 

and soft tissues. Constitutive model and characteristic parameters are explained with 

targeted materials. Tensile or compressive test is then conducted with prepared sample 

for each material. Comparison of Young’s modulus and fracture strain helps to identify 

the suitability of gelatin phantom, porcine tissue and Thiel-embalmed tissue for the 

following experiments. 

Chapter 4 presents the optimisation of piezoelectric needle device for better vibration 

performance.  It analysed the piezoelectric needle device with proper mode shape design, 

resonance matching between the needle and transducer, needle geometry effect, and 

proper pre-stressing for assembly. One analogy is presented between mechanical and 

electric model for driving optimisation. Adaptive driving with a stable driving current is 

identified to maintain a stable vibration performance in a loaded condition. 
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Chapter 5 investigates the needle-tissue interaction with the ultrasonic actuation. The 

needle-tissue interaction mechanism during ultrasonic actuation on the force reduction 

mechanism was investigated with theoretical analysis, experimental trials and numerical 

validations. The ultrasonic perception mechanism with ultrasonic actuation in needle-

tissue interaction was investigated with detailed analyses of technology principles and 

experimental results. 

Chapter 6 provides a case study on needle visualisation and ultrasonic perception. 

Medical backgrounds are first explained in local anaesthesia and epidural anaesthesia 

respectively; then, working principle of each is fully explained on technology; finally, 

experimental verification with pig model is presented as a proof of concept. 

Chapter 7 summarises the total findings and suggests recommendations for future work. 

Further related information, like engineering designs and analysis sample report, is 

presented in the appendices.  

1.4 Publications arising from this work 

The following lists the publications of Mr Xiaochun Liao, which arise from the research 

work reported here. 

Peer-reviewed papers 

[J-1] Liao X, Kemp S, Corner G, Eisma R, Huang Z. 2015. Elastic properties of Thiel-

embalmed human ankle tendon and ligament. Clinical Anatomy 28:917-924.  

[J-2] Xiaochun Liao, George Corner, Sandy Cochran, Zhihong Huang "Force, Deflection 

and Damage Reduction by Ultrasonic Activation of Standard Needle." Ultrasonics. (In 

revision) 

[J-3] Xiaochun Liao, George Corner, Sandy Cochran, Zhihong Huang "Vibration 

Performance Optimisation of Piezoelectric Needle Device." Ultrasonics. (In preparation) 
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Chapter 2 Technical Background 

This chapter provides an overview of the basic technical background with four sections, 

relating to interface significance in power ultrasonics, medical needle intervention 

procedures, medical ultrasonic system and transducer, biomechanical behaviour of soft 

tissue and tissue mimics, and needle-tissue interaction modelling. The first section 

provides a general introduction to interface significance in power ultrasonics, medical 

needle intervention procedures, and currently used targeting techniques or technologies. 

The second section details the numerical design method and performance characteristics 

for medical ultrasonic system. The third section introduces the quantitative elastic and 

fracture behaviour for soft tissue. Finally, the fourth section reviews the modelling 

techniques for needle-tissue interaction on reaction force, deflection and fracture 

mechanism. 

2.1 Interface significance in power ultrasonics 

Power ultrasonics has been applied in industry for quite a long time in the applications of 

plastic sheet cutting and metal forming. In metal forming, the ultrasonic vibration is 

loaded on the metal in its responsive plastic region to achieve a reduced static reaction 

force. This force reduction improves both the forming efficiency and the manufacture 

speed (Daud et al., 2007). However, improper design and driving control will induce 

nonlinear characteristics of modal coupling, increased audible noise level and excessive 

stress, which will lead to poor control and deteriorate the high power performance, as 

shown in Figure 2-1 (Lucas et al., 2003; Mathieson, 2012).  

 

(a) (b) 

Figure 2-1 (a) Modal coupling in frequency range and (b) nonlinear velocity 

response when driving was swept upwards and downwards (Mathieson, 2012) 
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Besides, good configuration of ultrasonic cutting speed and preload condition were 

essential to maintain a stable cutting with a controlled temperature. Otherwise, the 

responsive temperature would increase sharply with burning effect, as shown in Figure 

2-2 (Lucas et al., 2005). Without a good design on the ultrasonic device and a good 

understanding of the tool-material interface, it is impossible to maintain the high 

performance and avoid the burning effect. 

                      

(a) (b) 

Figure 2-2 (a) Temperature rise during ultrasonic cutting into wood with different 

preloads and (b) burning effect on the wood by ultrasonic cutting (Lucas et al., 2005) 

In medical application, ultrasonic scalpel has been adopted in the theatre for dissection 

and coagulation purposes. Ultrasonic scalpel usage applies lower temperature compared 

with laser cutting, and holds no electric shock risk compared with diathermy. However, 

harmful bio-effect from ultrasonic scalpel needs further investigation. Some researchers 

conducted the thermal mapping experiment during the ultrasonic dissection with an 

infrared thermal camera. The experimental results confirmed around 200 °C at the scalpel 

jaw and around 100 °C at the tissue site, as shown in Figure 2-3 (Emam and Cuschieri, 

2003). 

 

(a)  (b) 

Figure 2-3 (a) Thermal mapping experiment with Ultracision at power setting 5 for 

15 seconds and (b) thermal mapping experiment with Autosonix at power setting 5 

for 15 seconds (Emam and Cuschieri, 2003) 
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The temperature of 100 °C could dry out the tissue and start to generate necrosis for the 

peripheral tissues. Good understanding the tool-tissue interaction and implementation of 

adaptive driving control are the possible solutions to reduce the temperature and necrosis 

while maintaining the ultrasonic functionality.  

In our local department, an ultrasonic needle device was invented to actuate a standard 

medical needle for needle visualisation in soft tissue. Proof of concept was carried out in 

ex vivo porcine tissue to demonstrate the needle’s visibility under colour Doppler 

ultrasound, as shown in Figure 2-4 (Sadiq, 2013). However, there is still some random 

noise in the colour mapped region for needle representation, and the wide area coverage 

for needle representation may cause misjudgement for the needle tip.  Better imaging 

quality for needle visualisation can be expected with a controlled driving condition, based 

on the better understanding of the needle-tissue interaction in practice. 

         

(a) (b) 

Figure 2-4 (a) Ultrasonic needle device and (b) needle visualisation with ultrasound 

actuation (Sadiq, 2013) 

Good understanding of the tool-tissue interaction will deepen the knowledge on both the 

in-operation effects on the ultrasonic device like impedance magnitude change and 

resonant frequency shift, and also the bio-effects on the soft tissue like heat generation 

and cavitation. The further knowledge is indispensable to optimise driving mechanism for 

the ultrasonic device for better performance and to allow the medical device to interact 

with soft tissue within a safer threshold for patient’s benefits. 

2.2 Medical needle intervention procedures and current technologies 

Needle intervention procedures are now frequently conducted in clinics and hospitals for 

diagnoses and therapies. These procedures are performed in a percutaneous style, in 

which a needle penetrates or is guided through the skin to the target underneath for 
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sampling or treatment (Abolhassani et al., 2007). Needle interventions have been widely 

used because of their minimal invasiveness, possible manoeuvrability with needle 

deflection, and good compatibility with other medical procedures like drug delivery with 

catheters and imaging in laparoscopy. The common percutaneous needle insertion 

procedures include biopsies for prostate, breast and liver (Bishoff, 1998), regional 

anaesthesia (Guo et al., 2012), blood sampling (Zivanovic and Davies, 2000), 

neurosurgery (Rizun, 2004) and hyperthermic therapy (Holm, 1996).  

Needle intervention procedures 

Two examples of needle intervention procedures are demonstrated as the breast screening 

biopsy and spinal anaesthesia, in Figure 2-5.  

                

(a) (b) 

Figure 2-5 Needle intervention procedures for (a) breast biopsy (Healthwise, 2011) 

and (b) spinal anaesthesia (Graves, 2014) 

The success of biopsy and effectiveness of treatment are highly dependent on the 

targeting accuracy of the needle insertion (Youk et al., 2007). For different medical 

applications, different levels of targeting accuracy are required: for biopsy of breast, liver, 

kidney and prostate, and anaesthesia, placement accuracy is required as millimetres; for 

procedures with brain, fetus, eye and ear, placement accuracy is required as micrometres 

(Abolhassani et al., 2007). Misplacement of the needle may lead to failure of the 

procedure, medical complications, permanent functional damage and even life-

threatening events (Kohn, 2000). 

In previous clinical studies, it has been revealed that targeting errors can be due to 

various reasons, which include imaging limitation, imaging misalignment, target 

uncertainty, human errors, target movement by tissue deformation, needle deflection and 
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limited manoeuverability (Carr et al., 2001; Hussain et al., 2001; Narayana et al., 1996; 

Rampersaud, 1999; Roberson et al., 1997; Taschereau et al., 2000; Xiaochun et al., 2013).  

Ultrasound (US) guidance is recognised as a good technique to visualize both the 

anatomical structure and needle for better targeting accuracy during intervention 

procedures. In practice, clinicians hold ultrasound probe in one hand and advance the 

needle to the target on the other hand. During the advancement, clinicians observe the 

real-time imaging by scanning or rotating the ultrasound probe for good understanding of 

the needle tip’s relative position to the target in a three dimensional scenario. Both in-

plane and out-of-plane imaging techniques are often used during scanning to confirm the 

needle tip’s position.  

In the grey ultrasound image, to identify the needle tip is not always easy especially with 

the ultrasound imaging artefacts. Failed anaesthesia induced incidences of anaesthesia 

awareness as frequent as 42,000 times each year, as reported by the Joint Commission on 

Accreditation of Healthcare Organizations (Perdue, 2011). This can be an extremely 

traumatic experience for the patient. As high as 17% has been quoted for the incidence of 

failure with spinal anaesthesia from an American teaching hospital, which was judged to 

be avoidable (Fettes et al., 2009). Other injuries from anaesthesia failure can include 

post-traumatic stress disorder, sleep disorders, anxiety and panic attacks. For post 

radiotherapy prostate biopsies, 22% of failures have been established from isolated local 

biopsies (Crook et al., 2000). 

Current technologies 

To improve the needle visibility in medical practice, a vast amount of research and 

investigations have been carried out in the past few decades on needle alignment 

techniques, needle manipulation techniques, identification of motion, echogenic needle 

design, and ultrasound imaging technology. 

 Needle Alignment Technique 

There are two basic needle alignment techniques in ultrasound-guided procedures: in-

plane alignment and out-of-plane alignment, as shown in Figure 2-6 (Gray, 2006). In in-

plane alignment, the needle shaft is aligned along the long axis of the ultrasound 

transducer, and therefore both needle shaft and needle tip can be visualised. However, the 
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ultrasound beam along the short axis is thin, and it is easy to lose the imaging if the 

needle is misaligned off the plane. According to Chin’s research (Chin et al., 2008), 

needle-beam alignment is critical to visualise the needle profile in this in-plane technique. 

In out-of-plane alignment, the needle shaft is placed as perpendicular to the transducer’s 

plane, and therefore only the needle shaft’s cross section can be imaged. It’s necessary to 

slide the transducer along the needle shaft to identify the needle tip. Small volume of test 

injections are sometimes made to confirm the needle tip’s position in this out-of-plane 

technique. Both in-plane and out-of-plane alignment techniques require good hand-eye 

coordination (Balki, 2010). 

 

(a) (b) 

Figure 2-6 Needle alignment techniques: (a) in-plane alignment and (b) out-of-plane 

alignment (Balki, 2010) 

 Needle Manipulation Technique 

For one typical ultrasound guidance procedure, there are four basic manoeuvres: pressure, 

alignment, rotation and tilting, which are referred as the “PART” manoeuvers as show in 

Figure 2-7. Pressure is applied to ensure full contact between the transducer and the skin 

and to minimize the distance between the transducer and the target. Pressure can also help 

to distinguish the artery, vein and nerve. Alignment is the act of moving the transducer in 

a larger scope to identify the anatomical target. Rotation is to move the transducer 

clockwise or counter clockwise so as to make the angular alignment. Tilting is to search 

for the maximum ultrasound energy reflection from the target. It is essential to visualise 

the needle in its entirety and identify the needle tip for anaesthetic injection in the final 

step (Sites and Antonakakis, 2009). These four manoeuvre techniques can be selectively 

used for effective operation. 
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Figure 2-7 “PART” manoeuvers in ultrasound guidance: (a) pressure, (b) alignment, 

(c) rotation and (d) tilting 

 Identification Motion and Marker 

In medical practice, another two techniques were devised to identify the needle shaft and 

needle tip, as shown in Figure 2-8. One technique is to use the mechanical motion by 

moving the needle in and out along the insertion path, so that the needle shaft can be 

visualised with a line motion (Matalon, 1990). However, this may induce possible 

discomfort, pain and tissue damage for the patient. Peripheral tissue motion may also blur 

the imaging. Another technique is to inject a small amount of ultrasound contrast fluid 

near the needle tip, so that the needle tip can be easily identified (Dhir, 2008; Perlas, 

2004). This is always conducted as the final confirmative step before the actual biopsy or 

injection.  

 

(a) (b) 

Figure 2-8 (a) Mechanical motion technique for needle shaft identification and (b) 

contrast injection technique for needle tip identification 
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 Echogenic Needle Design 

To enhance the ultrasound energy reflection for better imaging, needle shaft, especially 

the area near the needle tip, is proposed to be textured with 90° notch pattern for incident 

reflection, as shown in Figure 2-9. These indentation notches are specifically oriented to 

function best at steep needle insertion angles (Hebard and Hocking, 2011). However, 

only limited success has been reported in both laboratory (Culp et al., 2000; Deam et al., 

2007; Gottlieb et al., 1998; Guo et al., 2012; Hopkins and Bradley, 2001; Nichols et al., 

2003) and clinics (Bergin et al., 2002; Jandzinski et al., 2003). The effectiveness of 

echogenic needle design needs more practical test and verification. 

    

(a) (b) 

Figure 2-9 (a) Echogenic needle with 90° notch pattern (Medical, 2011) and (b) 

demonstration for incident reflection of ultrasound energy (Equip, 2011) 

 Ultrasound Imaging Technology 

Besides the conventional ultrasound imaging based on the pulse-echo, some other 

ultrasound imaging modalities have been tried and investigated for better needle 

visualisation. These include compound imaging, electronic beam steering and Doppler 

imaging. 

Compound imaging is to acquire multiple images of the same object from different angles 

in one plane and then to combine these images into a single image. By this spatial 

compound imaging technique, it’s reported with better needle visibility when compared 

with conventional B-mode scan (Cohnen et al., 2003; Saleh et al., 2001). 

Electronic beam steering technique is to change the incident angle of ultrasound beam, so 

as to increase the needle-beam angle with increased ultrasound energy reflection 

backwards. The enhanced needle visibility was reported with a study on breast biopsy 

(Baker et al., 1999). 
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Doppler imaging is based on the Doppler frequency shift effect and is conventionally 

used on blood flow measurement for vascular diagnosis. Creative investigations have 

been carried out to see how the Doppler imaging can visualise a vibrating needle in 

several studies (Armstrong et al., 2001; Feld et al., 1997; Jones et al., 1997). One 

company of NuVue Therapeutics, Inc. has launched a series of commercial products with 

ColorMarkTM. The products work under colour Doppler ultrasound imaging mode with a 

clear and bright needle image for biopsy procedures (NuVue Therapeutics, 2014). A 

similar design under colour  Doppler has been reported for ultrasound-guided peripheral 

nerve block with piezoelectric vibrating needle and manual motion (Klein et al., 2007; 

Longo et al., 1994). Meanwhile, power Doppler mode has also been investigated for 

imaging ability with both lateral and axis vibrations of the needle (Harmat et al., 2006). 

2.3 Medical ultrasonic system and piezoelectric transducer 

Ultrasonics is a sub branch of acoustics which deals with the generation and use of 

inaudible acoustic waves with the frequency beyond the human hearing upper limit of 20 

kHz. The field of ultrasonics covers a wide breadth of topics including underwater sound, 

medicine, chemical, electrical and engineering applications. According to the target 

application, the field of ultrasonics can be broadly divided into two categories: low-

intensity, high-frequency ultrasonics, and high-intensity, low frequency ultrasonics. It is 

hard to define an exact boundary between the two types; depending on the application 

medium, the intensity division is approximately established between 0.1 and 1 W/cm2 

(Gallego-Juarez, 1999). For low-intensity, high frequency ultrasonics, some examples of 

applications are ultrasonic non-destructive testing, medical imaging and surface acoustic 

wave filters. For high-intensity, low frequency ultrasonics, some examples of applications 

are industrial welding, ultrasonic cleaning and medical ultrasonic surgery (Gallego-Juárez 

and Graff, 2015). In this section, discussion will be made on the high-power, low-

frequency medical ultrasonic system and piezoelectric transducer. 

2.3.1 High Power medical ultrasonic system 

Medical ultrasonic systems can be traced back to the 1950s with the first development for 

dentistry (Balamuth, 1963), when power ultrasonics had been applied for many industrial 

applications such as welding, soldering and drilling (Frederick, 1965; Graff, 1981). This 

medical ultrasonic system with scaling function reduced operator the strain and fatigue 

without heavy scraping, and improved the patient experience with reduced pain and 
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bleeding. Following successful ultrasonic systems include the Cavitron ultrasonic 

phacoemulsification unit for cataract surgery in the 1960s (Kelman, 1973, 2002; Kelman, 

1967), the Cavitron Ultrasonic Surgical Aspirator for tumour excision in neurosurgery in 

the 1970s (Epstein, 1983; Flamm, 1978), the Ethicon Harmonic Scalpel for tissue cutting 

and coagulation in laparoscopic surgery in the late 1980s (Amaral, 1994), the liposuction 

unit for fat deposit removing or body contouring with tissue selective characteristics in 

the 1990s (Garcia and Nathan, 2008), and the bone cutting unit for oral and maxillofacial 

surgery in recent years (Labanca et al., 2008).  

A general medical ultrasonic system consists of five key components, as shown in Figure 

2-10 (Schafer, 2015): 

 

Figure 2-10 Components of a general medical ultrasonic system (Schafer, 2015) 

 Generator: to generate electrical power with specific frequency; 

 Piezoelectric transducer: to convert the electrical energy into mechanical energy; 

 Horn/coupler: to amplify or convey the mechanical motion; 

 Transmission element/probe: to convey the mechanical motion; 

 End effector: to transfer the ultrasonic motion to the tissue; 

The generator is to supply sufficient power to the piezoelectric transducer for operation. 

The most efficient driving method is to drive the piezoelectric transducer at its resonant 

frequency, where the impedance magnitude is smallest and the current can reach 

maximum with a constant driving voltage. However, in practice, the resonant frequency 

and impedance magnitude of the piezoelectric transducer will change because of both 

loading and driving conditions (Ying et al., 2006). Using a voltage or current sensor to 

implement an amplifier with variable gain, enabled to maintain the driving voltage or 

current at a desired level (Neppiras, 1971). More advanced design was devised to 
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integrate a phase-locked loop (PLL) approach to maintain the desired working frequency 

at the transducer’s resonance (Kellogg, 1999).  

The piezoelectric transducer converts the electrical energy to mechanical motion, and it is 

the heart to the whole system. One conventional and also widely used piezoelectric 

transducer for high power application is designed as a stack style and termed as sandwich 

transducer or Langevin transducers. As shown in Figure 2-11, several piezoelectric rings 

are stacked in the central region with poling direction oppositely aligned; back mass and 

front mass are assembled on two ends with a centre bolt for pre-compression to avoid the 

piezoelectric disk working in tension; an insulator is applied to the surface of bolt to 

avoid a short circuit; the case provides electrical safety for the operator and mechanical 

protection for the transducer (Graff, 2015). 

 

(a) (b) 

Figure 2-11 Representative high power piezoelectric transducer on: (a) structure and 

(b) assembly (Graff, 2015) 

The horn/coupler is designed to convey or amplify the vibration mode. The common horn 

is designed as step shape or tapered shape with linear, exponential and catenary profiles 

(Ensminger, 1988; Frederick, 1965). Some special horns have been designed for vibration 

mode conversion, e.g. from longitudinal motion into torsional motion (Tsujino et al., 

2000), or from longitudinal motion into transverse motion (Stepanenko and Minchenya, 

2010). Several cascaded horns may be expected for multilevel amplification. The horn 

design should also incorporate the nodal position for case connection. 

The transmission element/probe conducts the mechanical motion to the end effector. The 

transmission element is typically made of titanium alloy rod. In longitudinal resonant 

mode, the length of the transmission rod is designed as an integer number of the half 
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wavelength of the acoustic standing wave. The connection between the transmission 

element and the coupler is always designed at the antinode position (Schafer, 2015).  

For different medical applications, the end effectors are designed with various shapes and 

sizes such as simple flat, curved hooks, or curved cutting blades. Asymmetry in shape 

should be carefully handled to avoid unwanted vibration modes; maximum stress in the 

lateral direction should be analysed to avoid premature mechanical failure and breakage. 

One special clamp end effector is shown in Figure 2-12, which helps to apply the friction 

for tissue dissection and vessel coagulation (Schafer, 2015). 

 

(a) (b) 

Figure 2-12 Clamp end effector in (a) closed and (b) open positions (Schafer, 2015) 

2.3.2 Piezoelectric transduction 

As the key importance of piezoelectric transducer in medical ultrasonic system, the 

electromechanical transduction mechanism is the heart function of the piezoelectric 

transducer, and the mechanism originates from the piezoelectricity. The word 

piezoelectricity comes from one Greek root of piezo which means pressure and another 

word root of electric which means amber as the ancient source of charge. The first direct 

piezoelectric effect was discovered in 1880 by the brothers Pierre Curie and Jacques 

Currie. It was noticed that if certain crystals are subject to pressure or strain, a voltage is 

produced which is proportional to the applied pressure. Later in 1881, the converse 

piezoelectric effect was mathematically deduced from the fundamental thermodynamic 

principles by Gabriel Lippmann, which describe a responsive mechanical strain from an 

applied electrical field (Ikeda, 1996). Explanations of both direct and inverse 

piezoelectric effects were demonstrated in Figure 2-13. In our daily life, the gas lighter is 

one example of direct piezoelectric effect, when the shock pressure produces the electric 

sparks; piezo buzzer is one example of inverse piezoelectric effect, when the applied 

voltage generates the mechanical vibrations to make sound. 
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Figure 2-13 Direct and inverse piezoelectric effect (Metropolia, 2015) 

Piezoelectric transduction in piezoelectric materials relates their mechanical behaviour, 

electrical behaviour and the interaction mechanism between the two. One good 

approximation of this complicated mechanism was presented by an IEEE Standard on 

Piezoelectricity (IEEE, 1987), when small signal was applied without nonlinear response. 

The constitutive equations can be expressed in the following four forms: 

Table 2-1 Four forms of piezoelectric constitutive equations 

(1) T=cES-eE D=eS-εSE (2-1) 

(2) T=cDS-hD E=βSD-hS (2-2) 

(3) S=sET-dE D= εTE -dT (2-3) 

(4) S=sDT-gD E= βTD -gT (2-4) 

Where, c and s are elastic stiffness and compliance; ε and β are dielectric permittivity and 

impermittivity; d, g, e and h are piezoelectric constants. E represents the electrical field; 

D represents the dielectric displacement; T represents the stress; S represents the strain. 

All the superscripts represent a constant field for each underneath variable. For the 

constitutive Equation (2-3) in Table 2-1, the full matrix of material property can be 

expressed as shown in Figure 2-14. There are in total 81 values for the full matrix. Based 

on the symmetry of crystal, the number of independent variables is much smaller than the 

number of 81. Taking the piezoelectric polycrystalline ceramics as an example, they are 

normally simplified as hexagonal crystal symmetry with five independent elastic 
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constants, three independent piezoelectric constants and two independent dielectric 

constants. The total number of independent variables is ten for piezoceramics rather than 

81, which provides convenience to material characterisation and numerical modelling. 

 

(a) (b) 

Figure 2-14 (a) Full material property matrix for piezoelectric material and (b) the 

expression in the form of Equation (2-3) 

Piezoelectric material is generally regarded as anisotropic because of the crystal’s 

anisotropicity. The anisotropic properties are usually expressed as tensors in mathematics: 

the dielectric constants are expressed as second-order tensors; the piezoelectric constants 

are expressed as three-order tensors; the elastic constants are expressed as fourth-order 

tensors. In engineering, for simplicity, the material properties are expressed with two 

subscript indices. The first subscript index indicates the direction of stimulus as 

mechanical or electrical, and the second subscript index indicates the direction of reaction 

as electrical or mechanical correspondingly.  By convention in a rectangular coordinate 

system, the direction 1, 2 and 3 are chosen to represent the x, y and z axis respectively; 

the direction 4, 5 and 6 are used to represent the rotation or shear around x, y and z axis 

respectively, as shown in Figure 2-15.  Piezoelectric material orientation is always 

aligned with its polarization direction along the direction 3 or z axis. 

 

Figure 2-15 Conventional directions for material property expression associated with 

rectangular coordinate system (American-Piezo-Company, 2014) 
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Based on the definition above, the constitutive Equation (2-3) can be expressed with 

more details in the matrix form below as the Equation (2-5), with corresponding full 

matrix (elastic, piezoelectric and dielectric) properties shown in Figure 2-14 (b). 

Table 2-2 Constitutive equation in the matrix form for piezoelectric material 

 S=sET-dE D= εTE -dT (2-3) 

 Si=sij
ETj-dliEl Dl= εlk

TEk -dliTi (2-5)                

i,j=1,2,3,4,5,6  and   k,l=1,2,3 

2.3.3 Finite element analysis and experimental modal analysis 

Accurate and reliable piezoelectric transducer design is important and it helps developers 

with prediction on developing progress without repeated cycles of manufacture and trials. 

The design and modelling of piezoelectric transducer can be traced back to first 

developments of underwater sound systems. In history, the high power piezoelectric 

transducers were designed mainly based on the equivalent circuit model and analytical 

one dimensional representation as the primary approach, when the computation power 

was quite limited before 1990s. Then, the design was always represented with regular 

shape and vibration mode of d33. 

Later, with the fast increase of computation power, finite element analysis (FEA) has 

become more popular with stronger calculation capacity from CPU and more available 

memory for larger models. This enables modern piezoelectric transducer to be developed 

with more complicated shape and some novel vibration mode of d31, d15 and d36. Some 

special FEA routines may even allow numerical simulation with mechanical, electrical 

and thermal response simultaneously (Graff, 2015).  

FEA is a numerical modelling technique which divides the whole model into large 

quantities of small grids and mathematically uses partial differential equations with initial 

boundary condition to find an approximate solution to the problem. FEA is very suitable 

for the problems with complicated geometrical shape and complex boundary conditions, 

when it is almost impossible to solve the analytical equations for the model. FEA holds 

several advantages as: accurate representation of complex geometry, easy inclusion of 
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dissimilar material properties, clear capture of local effects, and good representation of 

the total solution (Reddy, 2006).    

FEA method was first developed for the structural analysis of aircraft in the 1950s 

(Pepper, 1992). The first finite element analysis of piezoelectric material was reported 

with natural frequencies of a piezoelectric disk, and later with an axisymmetric 

piezoelectric SONAR projector (Hunt, 1972). Some electromechanical SONAR 

transducer with arbitrary geometry was also modelled in a three dimensional model to 

examine the vibration response (Allik et al., 1974). Currently, the common finite element 

analysis software packages for modelling piezoelectric materials and transducers in 

academia and industry include: 

 ATILA: contains both piezoelectric and magnetostrictive materials, and has loss 

representation for full matrix material properties; 

 PAFEC: integrates the thermal effect in the analysis; 

 PZFlex: represents good piezoelectric response of piezoelectric materials; 

 ABAQUS: holds huge ability for modelling and excellent modal analysis; 

 ANSYS: is frequently used in academia for piezoelectric application; 

 COMSOL: is featured for its multi-field coupling analysis in piezoelectric 

application;  

In ABQUS, there are two basic analysis routines for piezoelectric designs: modal analysis 

as frequency step and harmonic analysis as steady-state step, as explained below. 

 Modal analysis 

Modal analysis in structural analysis is used to extract the natural mode shapes and 

natural frequencies of a structure in free vibration. These natural mode shapes and natural 

frequencies are inherently determined by the material properties (mass, stiffness and 

damping) and boundary conditions of the structure (Chang, 2005). In mathematics, it is 

expressed with differential equations as eignsystems, and the final solutions of 

eigenvalues and eigenvectors represent the corresponding natural frequencies and natural 

mode shapes for the structure under investigation (Clough, 1993).  
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 Harmonic analysis 

Harmonic analysis is to obtain the motion response with time-dependent equations when 

harmonic excitations are applied and the structure is working under steady state 

vibrations. In the case of a piezoelectric transducer, harmonic analysis is performed with 

excitation at frequencies around the transducer’s resonance to examine the mode shape 

and vibration amplitude for the transducer. In this process, stress and strain are also 

examined for the local concentrated maximum and minimum values.  

One FEA example is presented with a cymbal transducer design for high power ultrasonic 

applications with ABAQUS, as shown in Figure 2-16. 

   

(a) (b) 

Figure 2-16 (a) Stress distribution with mode shape at cavity resonance and (b) the 

local concentrated stress for the cymbal transducer (Bejarano et al., 2014) 

The shown finite element analysis results confirmed the validity of design with flexural 

vibration mode, and also raised special attention for developer with the stress 

concentration on the edge. This study was conducted before manufacture and assembly, 

and helped the following performance characterisation and structural optimization. 

In FEA, some material properties are difficult to accurately incorporate, such as the 

damping or loss in material and connection; meanwhile, a simple mesh of geometrical 

complexity may induce some inaccuracy. After the design, manufacture and assembly of 

the piezoelectric transducer, it is necessary to conduct experimental modal analysis 

(EMA) to evaluate the practical vibration performance.  

EMA is a process in which structural dynamic properties can be characterised as the 

natural frequency, damping and mode shapes. Let’s take a free flat plate as an example 
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for simplicity, as shown in Figure 2-17 (a). A constant input force was applied on one 

corner of the plate and output response was measured at other positions. If the frequency 

of the applied force is swept in time, the blue time-domain response curve could be 

measured out; if the blue time-domain response was converted with Fast Fourier 

Transform (FFT), the red frequency-domain response curve could be obtained, as shown 

in Figure 2-17 (b). Each peak in the red curve corresponded to one natural frequency with 

large vibration amplitude in the mode shape, as shown in Figure 2-18 (a). A more 

complicated example is demonstrated in Figure 2-18 (b), which shows the mode shape of 

a medical piezoelectric transducer design in both FEA prediction and EMA practical 

measurement (Mathieson, 2012; Peter Avitabile, 2011). 

   

(a) (b) 

Figure 2-17 (a) EMA setup for a free plate and (b) time domain and frequency 

domain responses (Peter Avitabile, 2011) 

    

(a) (b) 

Figure 2-18 (a) EMA results of a free plate (Mathieson, 2012; Peter Avitabile, 2011) 

and (b) EMA mode shape of a piezoelectric transducer, compared with FEA mode 

shape (Mathieson, 2012) 

2.3.4 Piezoelectric transducer performance characterisation 

After the finite element analysis and experimental modal analysis, performance 

characterisation should be done for the designed transducer before it can be put into use 

for specific applications. There are two types of performance characterisation scenarios: 

small signal characterisation and large signal characterisation. 
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Small signal electrical characterisation is carried out when the transducer is driven 

with a small driving voltage of 1 Vrms and this is usually done with a calibrated 

impedance analyser. One measured result is the electrical impedance response which 

describes the impedance magnitude and phase variations along the frequency range. 

Within the resonant region, there should be a clear nadir at fm and a clear peak at fn, as 

shown in Figure 2-19 (a). If there is no nadir or peak, the piezoelectric material may be 

depolarized or there is poor contact in the electrical connections. If there are more than 

one nadirs or peaks, this indicates other vibration modes have been coupled in the 

resonant region. Another measured result is the admittance circle which describes the 

relationship between the electrical susceptance and conductance, as shown in Figure 2-19 

(b). In this admittance circle plot, there are six frequencies with different physical 

meanings as: 

 fm: frequency of minimum impedance (maximum admittance) 

 fn: frequency of maximum impedance (minimum admittance) 

 fs: serial resonant frequency of maximum conductance 

 fp: parallel resonant frequency of maximum resistance 

 fr: resonant frequency of zero susceptance (zero phase) 

 fa: anti-resonant frequency of zero susceptance (zero phase) 

 

(a) (b) 

Figure 2-19 (a) Impedance magnitude and phase versus frequency and (b) 

susceptance versus conductance for piezoelectric transducer 

Based on the understanding of the impedance response and the admittance circle, some 

important performance evaluation parameters can be calculated: 
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 Mechanical quality factor: Qm 

Mechanical quality factor Qm is a dimensionless factor, which describes how a transducer 

is damped. It characterises a resonator’s bandwidth relative to its central frequency with 

Equation (2-6).  

𝑄𝑚 =
𝑓𝑠 

𝑓2 − 𝑓1
 (2-6) 

Where fs is the frequency with maximum conductance Gm, 

f1 and f2 are the frequencies where the value of G is the 3 dB decrease value of Gm on 

both the lower and upper sides of fs. Difference of f2 - f1 represents the bandwidth. 

A higher Qm is always associated with high power and low loss application such as 

ultrasonic cutting and welding; lower Qm is always associated with broad bandwidth 

application such as ultrasonic sensor and imaging. 

 Dielectric loss: tanδe 

In practice, a piezoelectric material behaves as an imperfect capacitor, which leads to a 

loss of a fraction of its stored energy for each cycle of the applied electric field. Such loss 

effect also exists for piezoelectric transducers. This dielectric loss tanδe is expressed as a 

ratio between the conductance and susceptance, which are measured at low frequency 

region around 1 kHz (Stansfield, 1991): 

𝑡𝑎𝑛𝛿𝑒 =
𝐺 

𝐵
 (2-7) 

The power dissipation from dielectric loss can be expressed as  

𝑃 = 2𝜋𝑓𝐶0𝑡𝑎𝑛𝛿𝑒𝑉2 (2-8) 

Where f is the working frequency, C0 is the capacitance and V is the applied voltage. 
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 Effective electromechanical coupling coefficient: keff 

Effective electromechanical coupling coefficient keff indicates how closely the mechanical 

energy and electrical energy have been coupled in the piezoelectric system. It is 

determined with serial and parallel resonant frequencies: 

𝑘𝑒𝑓𝑓
2 = 1 − (

𝑓𝑠

𝑓𝑝
)2 (2-9) 

Large signal electrical characterisation is used to characterise how the piezoelectric 

transducer performs under practical condition when the driving voltage can apply up to 

10 - 1000 V according to the application’s requirements. In large signal characterisation, 

there are two important parameters to measure: vibration amplitude and heating effect. 

 Vibration amplitude measurement 

Large vibration amplitude is very important for effective function in high power 

applications. There are variety of vibration measurement techniques, such as optical 

microscope (Petosic et al., 2011), piezoelectric accelerometer and fibre optic 

displacement sensor (Olivero et al., 2008). Among them, laser Doppler vibrometry is the 

most suitable to take the vibration amplitude measurement for its non-contact feature and 

high signal-to-noise ratio. Many studies have adopted this laser vibrometry technique to 

measure the vibration amplitude and even vibration mode shapes (Boucaud et al., 1999; 

Lucas et al., 2001). 

 Self-heating effect 

Because of loss mechanism in piezoelectric material, heat will be generated when a 

piezoelectric transducer is under working conditions. This self-heating effect can degrade 

the performance significantly (Wu, 2005; Yao et al., 2000). More seriously, if the 

working temperature exceeds the Curie temperature Tc, the piezoelectric material will be 

depolarized with piezoelectricity function totally lost for the transducer. Therefore, it is 

important to evaluate the self-heating effect when the transducer is working under stress 

or driven with high voltage in a continuous wave mode. The characterisation technique is 

preferred with a non-contact equipment of infrared thermal imaging camera. By using the 
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thermal imaging camera, it is easy to obtain the thermal profile on the target to identify 

where the maximum temperature is located, and also to record the thermal response along 

time at some specific positions of interest. 

2.4 Biomechanical behaviour of soft tissue and tissue mimicking materials 

Within needle percutaneous intervention procedures, the needle is expected to penetrate 

through several layers of soft tissue before reaching the target. The targeting accuracy 

depends on the insertion trajectory and tissue deformation, which are highly associated 

with the soft tissue’s elasticity and the mechanical interaction between the tissue and the 

needle (Abolhassani, 2006; DiMaio and Salcudean, 2005). To fully understand this 

mechanical interaction, a good understanding of the soft tissue’s mechanical behaviour is 

indispensable. 

2.4.1 Inhomogeneity and anisotropy 

In human anatomy, soft tissues are defined as the tissues that connect, support and protect 

our human body, and the tissues that structure our organs. Common soft tissues include 

tendons, ligament, fascia, skin, fat, muscle, nerve and blood vessels (Holzapfel, 

November 2000.; Junqueira, 2005). 

In composition, the characteristic substances in the extracellular matrix of soft tissue are 

the collagen, elastin and ground substance. Collagen is a macromolecule with length of 

about 280 nm and it is also the protein which serves as the main load carrying element. 

The collagen fibres are relatively inextensible and loose under normal conditions. When 

under stretch, the collagen is gradually extended with a strong increase in tissue’s 

stiffness. Elastin is represented as thin strands in soft tissue, and it can be stretched to 

about 2.5 times of the initial length when unloaded. Elastin acts like spring and stores 

most of the strain energy. In comparison, the mechanical behaviour of collagen is 

analogous to a nylon stocking, the mechanical behaviour of elastin is analogous to a 

rubber band (Holzapfel, November 2000.; Junqueira, 2005). Ground substance is highly 

hydrated and is an amorphous gel-like substance surrounding the cells (Dorland, 1890). 

One study on the role of collagen and elastin for biomechanical behaviour is compared in 

Table 2-3 (F. H. Silver, 1989; Fung, 1993; R. B. Martin, 1998; S. L. Y. Woo, 1985). 
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Table 2-3 Mechanical properties of representative organs and associated 

compositions of collagen and elastin (F. H. Silver, 1989; Fung, 1993; R. B. Martin, 

1998; S. L. Y. Woo, 1985) 

Material Ultimate tensile 

strength (MPa) 

Ultimate tensile 

strain (%) 

Collagen dry 

weight (%) 

Elastin dry 

weight (%) 

Tendon  50-100 10-15 75-85 <3 

Ligament 50-100 10-15 70-80 10-15 

Aorta 0.3-0.8 50-100 25-35 40-50 

Skin 1-20 30-70 60-80 5-10 

Cartilage 9-40 60-120 40-70 - 

In structure, soft tissue has a highly characteristic hierarchical organization to form its 

specific function. Taking tendon as an example, six distinctive structural levels have been 

identified as collagen molecule, microfibrils, fibrils, fibres, fascicles and tendon (Baer E, 

1992), as shown in Figure 2-20. This composite hierarchical structure in soft tissue not 

only represents how the tissue is formed and how the collagen and elastin are aggregated, 

but also demonstrates how it serves the efficient and effective mechanical performance 

(Cowin, 2007). 
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Figure 2-20 Hierarchical structure of a tendon (Fung, 1993) 

The mechanical behaviour of soft tissue is complicated and can be described as: 

 Incompressible: the total volume of soft tissue doesn’t change whenever soft 

tissue is under tensile or compressive conditions; perfect incompressibility is 

associated with Poisson’s ratio as 0.5. 

 Inhomogeneous: the composition and mechanical behaviour are not uniform in 

soft tissue. Biological soft tissue always consists of complex arrangement of 

individual components like cells, fibres and etc. This is different from tissue 

mimicking engineering materials, which leads tissue to be with complex 

inhomogeneous mechanical behaviour. One example of composition 

inhomogeneity is demonstrated with histology picture of skeletal muscle, as 

shown in Figure 2-21. 

                                       

Figure 2-21 Histology of skeletal muscle (PEIR-Digital-Library, 2014) 

 Anisotropic: mechanical properties of soft tissue behave differently in different 

directions. Isotropic materials behave similarly in all directions. Anisotropy is 

common for biological soft tissue; while engineering materials can be 
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manufactured as isotropic as steel or as anisotropic as fibre reinforced composite 

(Raghavan, 2001). 

 Nonlinear elasticity: Young’s modulus of E is a measure of solid stiffness, and is 

represented as the slope of the elastic region in the stress σ curve against strain ε. 

The higher the slope is, the stiffer the material represents. In Figure 2-22, the solid 

line represents the tensile response and the dotted line represents the fracture 

region. Steel and dry bone exhibited linear response under tension, while soft 

tissues of blood vessel, skin width and skin length exhibited substantial 

nonlinearity. The curved response for soft tissue is termed as hyperelasticity 

(Ogden, 1984). 

 

Figure 2-22 Stress versus strain curve for steel, dry bone, blood vessel, skin width 

and skin length (Raghavan, 2001) 

 Viscoelastic: viscoelasticity is the property that material exhibits both viscous and 

elastic characteristics when the material is deformed. Elastic material generates 

strain when deformed and quickly returns to its original state once the stress is 

removed. While viscoelastic material exhibits time-dependent strain response 

(Chawla, 1999). The viscoelastic behaviour of soft tissue includes three categories, 

as shown in Figure 2-23: 

• Relaxation: when deformation of soft tissue is maintained as constant, the 

responsive force decreases or relaxes along the time; 

• Creep: when the applied force is set as constant, the deformation of soft 

tissue gradually increases or creeps for elongation along the time; 

• Hysteresis: the force versus deformation responses are different between 

the loading and unloading processes, and the underneath area difference 

represents the dissipated energy; 
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(a) (b) (c) 

Figure 2-23 Viscoelastic behaviour of (a) relaxation, (b) creep and (c) hysteresis 

(Saarakkala, 2001) 

2.4.2 Elasticity and hyperelasticity 

For simplicity, soft tissue can be modelled without the characteristics of inhomogeneity 

and viscoelasticity, considering that the needle percutaneous procedure is usually 

conducted in a small region and for a short period of time. Under such circumstance, 

primary consideration is placed on the nonlinear elasticity. 

As mentioned in section 2.4.1, engineering materials like steel are linear in elasticity; the 

linear mechanical response is based on the Hooke’s Law, which describes a constant 

proportionality between the stress and strain. Comparatively, soft tissue is unique in its 

nonlinear elasticity, by which stress is associated with strain in a polynomial relationship, 

as shown in Figure 2-22 for blood vessel and skin. 

This unique polynomial relationship could be explained with a model which is based on 

the compound responses from both elastin and collagen (Raghavan, 2001). For one piece 

of soft tissue, it can be modelled as containing two primary components for mechanical 

response: elastin fibre and collagen fibre, as shown in Figure 2-24 (a).    
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Figure 2-24 (a) Soft tissue modelling with elastin fibre and collagen fibre; 

Mechanical response of (b) one single elastin fibre, (c) one single collagen fibre, and 

(d) overall mechanical response when one single elastin fibre and one single collagen 

fibre are combined; (e) Model with two elastin fibres and three collagen fibres and (f) 

model with countless elastin and collagen fibres (Raghavan, 2001)  

One single elastin fibre acts like a spring, and when it is stretched in uniaxial direction, 

the stress will increased linearly with strain. One collagen fibre acts like nylon, and it is 

initially loose. When it is similarly stretched in uniaxial direction, the stress will increase 

with a larger slope from a point where it started to be tensioned. The difference of the two 

fibres’ mechanical responses is shown in Figure 2-24 (b) and (c). 
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So, if one single elastin fibre and one single collagen fibre are combined together, the 

overall mechanical response can be shown in Figure 2-24 (d). The overall mechanical 

response is shown as a broken line: before the turning point, only elastin fibre reacts to 

the tension with a smaller slope in the graph, and then collagen fibre is in loose state; 

after the turning point, both elastin and collagen fibre have reacted to the uniaxial tension 

with an larger slope for stiffness. 

More complicated configurations with elastin and collagen fibres can be considered in 

Figure 2-24 (e) and (f). In Figure 2-24 (e), it is modelled with two elastin fibres and three 

collagen fibres; the three collagen fibres have different looseness, which results in three 

different distances to react to the applied tension. The three different distances correspond 

to the three ascending turning points in the mechanical response. In Figure 2-24 (f), the 

model is refined with countless numbers of elastin and collagen fibres. Countless 

collagen fibres consist of countless numbers of fibres for different looseness. When each 

collagen fibre is recruited to be effective for tension reaction, the mechanical response of 

stress versus strain curve will rise with slope increased. This gradual slope increases with 

the more recruited collagen fibres results in a nonlinear smooth curve, which is 

characteristic of hyperelasticity (Raghavan, 2001). 

This model was first proposed by Roach and Burton, and then refined and understood by 

later works (Roach and Burton, 1957). This model also helps to distinguish elastin 

stiffness and collagen stiffness to predict the underlying microstructure and function. 

Constitutive model of hyperelasticity can be mathematically described with strain energy 

density functions (Ali, 2010). 

2.4.3 Fracture initiation and evolution 

In percutaneous intervention procedures, the interaction and mechanical response are 

associated with both elasticity and fracture mechanism, during which the needle will both 

bend and penetrate through the soft tissue. The soft tissue will be torn apart by the needle 

tip’s cutting force with fracture initiated and evolved in penetration. To understand the 

fracture initiation and evolution mechanism in the field of fracture mechanics, it is 

necessary to investigate the mechanical interaction between the needle and soft tissue. 

Fracture mechanics is a subfield of mechanics which studies how cracks are generated 

and propagated in materials. It also characterises how the material resists fracturing for 
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better mechanical performance as one major aim. The analytical background in fracture 

mechanics involves the physics of stress and strain, the theories of elasticity and plasticity, 

and the microscopic crystallographic defect analysis (Griffith, 1921). 

There are three basic modes of fracture concerning how a force enables a crack to 

propagate as (Roylance, 2001; Zehnder, 2007): 

 Mode I (Opening mode): the applied tensile stress is normal to the crack plane; 

 Mode II (In-plane shear mode): the applied shear stress is parallel to the crack 

plane and perpendicular to the crack front; 

 Mode III (Anti-plane shear mode): the applied shear stress is parallel to the crack 

plane and parallel to the crack front; 

 

(a) (b) (c) 

Figure 2-25 Three fracture modes: (a) Mode I: opening mode, (b) Mode II: in-plane 

shear mode and (c) Mode III: anti-plane shear mode (Dietmar Gross, 2011) 

To gain insight into the fracture processes during interventional procedures, the 

microscopic observation of needle and elastic gel phantom interaction was performed and 

modelled (Hayward, 2008). Observations were made in two configurations of axial and 

perpendicular with laser. In axial configuration, the laser light was positioned along the 

needle axis; while in perpendicular configuration, the laser light was positioned as 

perpendicular to the needle axis, as shown in Figure 2-26 (a). The crack was modelled 

with two fracture modes corresponding to the two configurations: Mode I opening crack 

with axial configuration and Mode II in-plane shear crack with perpendicular 

configuration. In Figure 2-26 (b), the needle cross section appeared as crescent shape 

because of the bevel edge, where the Mode I opening cracking of the gel was visible; in 

Figure 2-26 (c), the needle was viewed as the side profile, where Mode II in-plane shear 
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crack was visualised. In both the differential interference contrast (DIC)  and 

epifluorescent images, both Mode I and Mode II cracks are indicated with arrows in both 

configurations as non-uniformity in the pictures (Misra et al., 2010a).  

 

Figure 2-26 (a) Microscopic observations of needle-tissue interaction made in two 

configurations of axial and perpendicular. The arrows indicate the laser light. R, a 

and α are the needle radius, crack length and the needle bevel angle respectively. 

Experimental observation with  (b) differential interference contrast (DIC) images in 

the first column and (c) epifluorescent images in the second column by a confocal 

microscope where the first row is axial configuration and the second row is the 

perpendicular configuration (Misra et al., 2010a). 

This fracture initiation and evolution can be modelled as traction-separation relationship 

in finite element analysis, as shown in Figure 2-27. Taking ABAQUS finite element 

software as an example, the fracture mechanism is modelled with two special finite 

element types as “cohesive element” and “cohesive surface”, both of which follow the 

traction-separation relationship to determine its “effectiveness” in numerical simulation. 

In this relationship, K represents the stiffness; the critical traction σc and the critical 

separation δc represent the fracture initiation; the separation δ0 represents total failure 

with full fracture. Further separation beyond δ0 leads to the removal of effective 

cohesive element in simulation and the creation of a crack (Oldfield et al., 2013a; 

Oldfield et al., 2010). 

The area underneath the whole curve in this traction-separation relationship represent one 

material fracture property termed as fracture toughness Gc. Fracture toughness represents 

the strain energy release rate and describes a measure of energy required to grow a thin 

crack. If the released strain energy exceeds the critical value Gc, the crack will grow and 
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propagate in position; if the release strain energy is less than the critical value, the crack 

may be initiated with obvious deformation but without further evolution (Hertzberg, 

1995). 

 

Figure 2-27 Traction-separation relationship for fracture initiation and evolution in 

finite element analysis 

Several studies have succeeded to extract the fracture toughness of porcine liver, gel 

phantom and geletin phantom with verification agreement in numerical simulation 

(Gokgol et al., 2012; Hayward, 2008; Misra et al., 2010a; Oldfield et al., 2013b). The 

fracture property and verification agreement help to mimic the real needle-tissue 

interaction for novel and biomimetic surgical device design, path planning and control 

strategy in robotic needle steering, and interaction behaviour prediction in medical 

intervention procedures. 

2.5 Needle-tissue interaction modelling 

Better and accurate understanding of needle-tissue interaction is essential for smart 

medical device design with less tissue damage, pre-operative and intra-operative planning, 

and the development of realistic surgical simulation systems. In ancient times, the 

medical practitioners only used leaves and sticks to represent three dimensional flexible 

tissues and the surgical tool in operation (Carpue, 1981). Later on, a realistic way to 

understand the interaction was to observe an operation or by dissection, before the advent 

of medical imaging. From the early twentieth century, inexpensive and plastic anatomical 

models have been used for training medical students; in some realistic surgical 

environment, the medical students can understand how the interaction happened. With 

advancement of computer hardware and software, the high-fidelity graphics and 
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computation ability make it possible to carry out the both numerical and analytical 

analyses for needle-tissue interactions in an artificial reality scenario (Misra et al., 2008a). 

2.5.1 Numerical modelling of needle-tissue interaction 

In recent decades, finite element analysis has started to be applied to simulate needle 

intervention procedures in 2D and 3D environments (DiMaio and Salcudean, 2003; 

Nienhuys and van der Stappen, 2004). In modelling the needle-tissue interaction, 

boundary conditions, tissue geometry and biomechanical tissue properties are of vital 

importance, because these factors affect the amount of interaction forces, tissue 

deformation, and needle deflection (Abolhassani et al., 2007). 

Knowledge of interactive force during needle insertion plays an important role in precise 

modelling. This knowledge can help precise prediction for robot-assisted intervention 

planning with reduced tissue deformation and needle deflection. An accurate model for 

insertion force should be able to characterise the features such as force peaks and 

separation of different forces (stiffness force, friction force and cutting force). These 

forces may vary from patient to patient for the same tissue type because of prior treatment, 

age, gender, body mass and etc (Abolhassani et al., 2007). One force profile response 

along the time from in vivo insertion and retraction with pig liver is shown in Figure 2-28 

(Maurin B, 2004).  

 

Figure 2-28 Needle insertion with direct access to the pig liver (Maurin B, 2004) 

A 2D finite element analysis with linear elastic phantom material was conducted for force 

distribution estimation along the needle shaft during insertion. A good match was 

confirmed on the tissue phantom deformation between experimental result and numerical 
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simulation, as shown in Figure 2-29. The numerical results indicated the existence of two 

forces: an axial friction force between the needle and the tissue, which is uniform along 

the needle shaft; another force peak at the needle tip, which came from the cutting of 

tissue (DiMaio and Salcudean, 2003).  Another observation in this study showed that 

shaft force increased with the insertion velocity while the force peak at the needle tip was 

insensitive to the insertion velocity, which made the shaft force more prominent at high 

velocities (Abolhassani et al., 2007; Oldfield et al., 2013b). 

 

(a) (b) 

Figure 2-29 (a) Phantom deformation with tracked marks and (b) external nodal 

force in finite element analysis (DiMaio, 2003) 

Similarly, a 3D model was simulated based on the finite element analysis, which used 

quasi-static stick-slip friction for the needle-tissue interaction. On the contrary, in the 3D 

model, the friction was associated with surface contact, while in 2D model the friction 

was represented by only edges. An iterative algorithm was developed for calculating a 

solution, and adaptive meshing was implemented for fast computing with improved local 

accuracy. Feasibility tests were conducted with elastic linear material and hyperelastic 

neo-Hooken material in a 3D environment, as shown in Figure 2-30. 

     

(a) (b) 

Figure 2-30 3D modelling of needle-tissue interaction with (a) linear material and 12 

fold mesh refinement and (b) neo-Hookean material and 20 fold mesh refinement 

(Nienhuys and van der Stappen, 2004) 
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2.5.2 Analytical prediction of needle deflection 

Needle deflection is one of major reasons for targeting inaccuracy in needle intervention 

procedures. Needle deflection is directly linked with the uneven force distribution on 

needle tip and needle shaft, which can be induced by the asymmetry of the needle or the 

mechanical property change of the inserted tissue. Investigation results showed that the 

bevel tip needle leads to more deflection than the conical tip needle as shown in Figure 

2-31, and thin needle is prone to deflection (Okamura et al., 2004). 

 

(a) (b) 

Figure 2-31 (a) Conical tip needle and (b) bevel tip needle (Misra et al., 2010b) 

One study on the deflection of bevel tip needle was conducted with a tissue phantom. The 

insertion movement was implemented with a translation motor and a rotation motor for 

rotation about the translation axis. Force senor was used to record the force response. A 

sensor coil was placed on the 18 gauge needle tip, and one magnetic tracking system was 

used to record the needle tip’s position, as shown in Figure 2-32 (a).   

The whole needle was considered as a cantilever beam in this study, as shown in Figure 

2-32 (b). Then, the analytical expression of the tip deflection was expressed as: 

 𝑑𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛 =
1

6𝐸𝐼
(3𝑀𝑙2 + 𝑅1𝑙3 + 𝑅2𝑧3 + 𝑃(

𝑑

2𝑡𝑎𝑛𝛼
)3) (2-10) 

Where, l is the needle length, E is the elasticity modulus of the needle, I is the area inertia 

moment of the needle, d is the needle diameter, M is the base moment, R1 and R2 are base 

force an support force, z is the needle length in inside the tissue, P is the load force and 

αis the bevel tip angle. 

Good agreement was confirmed between the actual and estimated values for deflection in 

the artificial phantom, with difference of less than one millimetre. However, this model 
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showed very high variation in the estimated values under different conditions 

(Abolhassani and Patel, 2006).  

 

(a) (b) 

Figure 2-32 (a) Needle deflection experiment setup and (b) cantilever model for 

deflection prediction (Abolhassani and Patel, 2006) 

Another study for needle deflection prediction was similarly set up with a translation 

stage, force sensor for insertion experiment into gelatin phantom, as shown in Figure 2-33 

(a). Insertion process was recorded with a CCD camera for the bevel tip; needle tip 

tracking was realised with a correlation algorithm in Matlab. Comparatively, the 

deflection was modelled as a cantilever beam supported by a series of springs, each of 

which has the same stiffness Ke to represent the elastic interaction. Ft,y is considered as 

the transverse force along y direction to induced the deflection. The modelling of 

inserting a bevel tip needle into tissue is discretised as a series of insertion steps. Each 

insertion step is denoted with an increment of ∆l for calculation, as shown in Figure 2-33 

(b) (Roesthuis et al., 2011). 

    

(a) (b) 

Figure 2-33 (a) Experimental setup for needle insertion into a phantom: (1) gelatin 

phantom, (2) needle, (3) force sensor, (4) translation controller, and (b) cantilever 

beam model with spring support along the needle shaft (Roesthuis et al., 2011) 
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The simulated needle deflection is compared with experimental needle deflection in 

Figure 2-34, when optimised Ke is adopted as 430 N/m. The maximum error of 0.32 mm 

occurs at the beginning of insertion between 0 to 30 mm. This is noted as from the 

possible actual smaller stiffness near the insertion surface where the boundary condition 

is looser than the central region (Roesthuis et al., 2011). 

 

Figure 2-34 Experimental needle deflection compared with simulated deflection 

when stiffness value Ke was optimised as 430 N/m (Roesthuis et al., 2011) 

2.5.3 Finite element studies with fracture mechanism 

Fracture toughness of soft tissue plays a critical role in examining the surgical and 

interventional tools in medical procedures, such as robotic-guided needle placement, 

catheter insertion, biopsy, suture, cutting and tearing (Gokgol et al., 2012). All the 

procedures involve tissue damage, which is always expected to be kept as minimum in 

order to avoid any medical complications (Chong et al., 2010; DiMaio and Salcudean, 

2005; Okazawa et al., 2005). The knowledge of fracture related material properties, 

especially the fracture toughness is of great importance. Fracture toughness estimation of 

soft tissue has been the research focus of several studies based on the mechanical energy 

dissipation, in the cases of pig liver (Azar and Hayward, 2008; Azar T, 2008; 

Chanthasopeephan et al., 2006; Yarpuzlu et al., 2014) , human skin (Pereira et al., 1997), 

porcine skin (Comley and Fleck, 2010), plastisol gel (Datla et al., 2014; Misra et al., 

2008b) and silicone rubber (OA., 2004). With the availability of fracture properties, 

further investigations were carried out for medical device development with numerical 

modelling. Numerical modelling is an ideal complement to experimental observation for 

medical device development; finite element analysis, in particular, provides in-depth 

diagnostic and developmental information. One critical task in finite element analysis is 

to validate the numerical model and results against accepted needle insertion 

characteristics (Oldfield et al., 2013a). 
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One numerical simulation (Oldfield et al., 2013a) of deep needle insertion into soft tissue 

was carried out by using a cohesive approach in ABAQUS, as shown in Figure 2-35. In 

this model, the needle was modelled as a rigid body with a reference point attached; the 

soft tissue mimics of gelatin phantom was modelled with two element types: cohesive 

element for fracture generation, and elastic element for the other parts. The material 

property of elastic part was set with a Young’s modulus of 7 kPa and a Poisson’s ratio of 

0.475; the fracture property of the cohesive part was set with a toughness of 17.43 J/m2. 

Agreement on reaction force of the needle between experimental and simulated results 

was confirmed with optimised Poisson’s ratio as 0.5. 

 

(a) (b) 

Figure 2-35 (a) Finite element model in ABAQUS for needle intervention 

simulations and (b) comparison of reaction force between the experimental and 

simulated results (Oldfield et al., 2013a) 

Similar finite element analysis in ABAQUS was conducted with a target at a novel, 

biomimetic needle probe with inspiration from wasps. Certain species of wasp are 

capable of using a flexible, steerable ovipositor to penetrate hard wood. Numerical model 

was set up to verify a similar design for a steerable needle. The basic element in this 

model was designed and showed in Figure 2-36 (a). In each basic element, there are two 

type of element: elastic element in blue and cohesive element in red for fracture path 

development. Numerical results confirmed the ability of the simulation technique to 

generate an arbitrary fracture path in a model with a wedge opening, as shown in Figure 

2-36 (b). This fracture path was generated by the failure of these cohesive elements, 

which were removed in the simulation when the failure criteria met and the element was 

redefined as “ineffective” in the model. Using this process, the detailed information on 

soft tissue displacement, stress distribution and strain response could help a better 

understanding of the interaction between the designed probe and surrounding tissues 

(Oldfield et al., 2010). 
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(a) (b) 

Figure 2-36 (a) Elastic elements in blue and cohesive elements in red for (b) arbitrary 

fracture path in ABAQUS numerical simulation (Oldfield et al., 2010) 

Other researchers did numerical simulation with fracture mechanism on pig liver in 

ANSYS, as shown in Figure 2-37 (a). The two dimensional model was adopted rather 

than the three dimensional model for computation efficiency. To reduce the computation 

cost further, the model was set as symmetric about the loading axis in the centre. From 

trials for solution convergence, the friction coefficient on the contacting surface between 

the needle and tissue was set as 0.8, the contact stiffness and penetration tolerance were 

set as 0.71 and 0.1 respectively. Further validation puncture tests were performed with a 

stiffer silicone phantom, as shown in Figure 2-37 (b) (Gokgol et al., 2012). 

                   

(a) (b) 

Figure 2-37 (a) Numerical simulation in ANSYS and (b) validation puncture 

experiment with silicone rubber (Gokgol et al., 2012) 

2.6 Summary 

In this chapter, a general literature overview was conducted on interface significance in 

power ultrasonics, medical percutaneous needle intervention operations, medical 

ultrasonic system with piezoelectric transducer characterisation, biomechanical behaviour 

of soft tissue and tissue mimics, and modelling of needle-tissue interaction. 
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In the first section, interface significance was demonstrated in the applications of power 

ultrasonics of industrial cutting, medical dissection and prototyped needle visualisation. 

It’s summarised that better understanding of the interface is of significant importance for 

improving the driving mechanism of an ultrasonic device for better performance. The 

benefits for patients is a safer interactive scenario. Needle intervention procedures were 

introduced with examples of breast biopsy and epidural anaesthesia, when the targeting 

accuracy and visualisation of needle tip are of critical importance. To conquer the 

challenges for accurate targeting, several currently used technologies were analysed with 

needle alignment technique, needle manipulation technique, identification motion and 

marker, echogenic needle design, and ultrasound imaging technology. 

In the second section, a typical medical ultrasonic system was introduced with five main 

components of generator, piezoelectric transducer, horn, transmission element, and end 

effector. Piezoelectric transduction was explained with direct and inverse piezoelectric 

effect, piezoelectric constitutive equations, full material property matrix, and 

conventional direction definition. Finite element analysis was introduced with modal 

analysis and harmonic analysis; experimental modal analysis was explained with an 

example of free plate. Key parameters for piezoelectric transducer performance 

characterisation were provided with mechanical quality factor (Qm), dielectric loss (tanδe), 

effective electromechanical coupling coefficient (keff), vibration amplitude, and self-

heating effect. Better vibration performance for ultrasonic needle devices is expected to 

be achieved by our following technical work, based on the introduced background 

knowledge in medical ultrasonic system and piezoelectric transducer.  

In the third section, biomechanical behaviours of soft tissue and tissue mimicking 

materials were explained with characteristics of inhomogeneity, anisotropy, the origin of 

elasticity, tissue hierarchical organization, incompressibility, nonlinear elasticity, 

viscoelasticity, and the origin of hyperelasticity.  Fracture mechanics was, in particular, 

introduced with exemplary explanation with Mode I and Mode II cracks for needle 

intervention procedures. Fracture initiation and evolution model were explained with a 

parameter (toughness) and a model (traction-separation relationship) in the finite element 

analysis environment of ABAQUS. This understanding helps us to build up a proper 

numerical model to investigate the needle-tissue interaction. 



 

47 
 

Technical Background 

In the fourth section, modelling techniques of needle-tissue interactions were introduced 

with examples of previous studies on three main parts: 2D and 3D numerical modelling 

of needle-tissue interaction, analytical analysis of needle deflection based on a cantilever 

beam model, and numerical simulation of needle intervention with fracture mechanism in 

the example of pig liver and gelatin phantom. It’s demonstrated that numerical method by 

finite element analysis can be utilised for us to simulate both elastic and fracture 

responses for needle-tissue interaction.  

In the following third chapter, mechanical properties of Young’s modulus and fracture 

strain were characterised for tissue mimicking phantoms, ex vivo tissue and Thiel-

embalmed tissue. This is to understand mechanical behaviour of soft tissue in practical 

medical needle-tissue interactions. 
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Chapter 3 Tissue Characterisation on Mechanical Properties  

Medical knowledge, practical experience and technological innovation are recognized as 

three essential elements for safe and effective clinical diagnosis and treatment. Newly 

designed medical instruments are subject to tests as technological proof of concept before 

preclinical trials in hospitals. These in-house tests are usually carried out with two types 

of materials: tissue mimicking materials (TMMs), and ex vivo animal and human tissues. 

Selection of these different materials depends on their mimicking abilities of different 

structural, mechanical, acoustic, optical, chemical and electrical properties for 

corresponding medical application. 

To investigate the interaction between the needle and the tissue or tissue mimics, 

similarities in mechanical properties are expected in terms of density, stiffness and 

fracture characteristics. Engineering materials have been utilized to fabricate TMMs, 

such as silicone rubber (Gokgol et al., 2012) for experiments and validation,  plastisol gel 

for mechanical analysis (Misra et al., 2010a) and gelatin phantom for computational 

verification (Oldfield et al., 2013a). Such materials as silicone rubber, plastisol gel and 

gelatin phantom were adopted for their easy fabrication and easy modification of their 

elasticity with different concentrations.  Besides the use of engineering materials, some 

ex vivo animal tissues have been selected for needle insertion experiments. Abolhassani 

reported a robotic needle insertion experiment into turkey muscle with skin attached 

(Abolhassani et al., 2004).  Azar used fresh porcine liver to estimate tissue toughness by a 

needle puncture test (Azar and Hayward, 2008). Gokgol  measured the bovine liver’s 

toughness with numerical verification by insertion experiments (Gokgol et al., 2012). 

Biological tissues of turkey muscle, fresh porcine liver and bovine liver were selected for 

those experiments mainly because of its structural uniformity.  

This chapter aims to identify the proper mimicking material and ex vivo tissue for needle 

insertion experiment through the measurement of elasticity properties and fracture 

characteristics. The outline of this chapter is listed as: 

 Constitutive model and material preparation 

 Tensile and compressive testing arrangements 

 Results of elasticity modulus and fracture characteristics 
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3.1 Constitutive model and target materials 

3.1.1 Constitutive model and characteristic parameter 

The mechanical response of a material is described by stress-strain curve (stress: σ, strain: 

ε). It is particular for each material and it is determined with tensile or compressive 

loading of material sample with proper dimensional shape. The mechanical response of 

TMMs and homogeneous biological tissues usually displays a nonlinear curve between 

stress and strain, as shown with two examples of polyvinyl alcohol (PVA) phantom and 

pork liver in Figure 3-1. Both curves demonstrate three successive responsive regions: toe 

region, linear region and fracture point. 

      

(a) (b) 

Figure 3-1 Mechanical response of stress-strain curves measured with material 

samples of (a) PVA phantom and (b) pork liver in tensile test 

Within the toe region, the loading condition starts from a slack state and then gradually 

increases until the material or tissue is fully stretched or compressed, as the slope of the 

responsive curve increases to a constant value. The constant value remains stable in the 

linear region as the strain increasingly approaches the fracture point, and the linear region 

is always shown as a straight line. When the responsive curve reaches the fracture point, 

the material or tissue sample starts to break off with loading condition released and no 

higher stress or strain can be recorded. 

Such constitutive model, which consists of three regions of toe region, linear region and 

fracture point, is commonly used to represent an elastic isotropic material in solid 

mechanics. This model is applicable to the in-house test where homogeneous TMMs and 

ex vivo animal tissue are preferably adopted to guarantee the simplicity and repeatability 
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for experiments. For small toe region, the mechanical constitutive response can be 

simplified as two main regions: linear region and fracture point. 

From the linear region of the stress-strain curve shown in Figure 3.2, the elasticity 

modulus of Young’s modulus can be calculated out as: 

 𝑌𝑜𝑢𝑛𝑔′𝑠 𝑚𝑜𝑑𝑢𝑙𝑢𝑠 =
∆𝑠𝑡𝑟𝑒𝑠𝑠

∆𝑠𝑡𝑟𝑎𝑖𝑛
=

∆𝐹/𝐴

∆𝐿/𝐿
 (3-1) 

Where ∆F is the applied force, A is the cross sectional area of sample, ∆L is the extension 

length or compression depth and L is the original length along the tensile or compressive 

direction. Young’s modulus is a quantitative stiffness measure of a homogeneous elastic 

material. 

 

Figure 3-2 Extraction of two characteristic parameters: Young’s modulus and 

fracture strain from the stress-strain curve 

Another parameter is fracture strain, which defines the start of fracture evolution within 

material. The fracture strain is visually noticed as the tear separation of sample and the 

highest value of stress. Beyond this fracture point, the failure of material develops until 

the complete separation of sample into two or more pieces, where the tensile or 

compressive test finishes, as shown in Figure 3-2. 

By characterization of Young’s modulus and fracture strain through tensile and 

compressive tests, the tissue mimicking ability can be quantitatively assessed among 

different TMMs and ex vivo tissues. The decision on which material is best suited for in-
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house experiments can be made by quantitative comparison of the two characteristic 

parameters. 

3.1.2 Target materials 

To investigate the interaction between the tissue and the ultrasonic device, experimental 

trials were first planned with TMMs, because of the TMMs’ simplicity and the 

reproducibility of experimental results. To understand the operation of the ultrasonic 

needle, further experimental tests were then planned with ex vivo animal tissue, which 

was easier to access than human tissue and meanwhile used as a representative as real 

tissue; finally, the experiments were planned with human tissue to mimic the real 

situation in medical practice. In order to identify a suitable material as a replacement of 

soft tissue for in-house experiments, only homogenous materials are believed to be able 

to produce repeatable results and reliable conclusions, and therefore only highly 

homogenous soft tissues, like liver, fat and brain, were expected for characterisation work. 

Three specific kinds of material are considered for mechanical parameter characterization 

as: 

 TMMs by engineering material: PVA, silicone rubber and gelatin phantom; 

 Ex vivo animal tissue: pork liver; 

 Thiel-embalmed human samples: tendon, ligament, fat and brain; 

The use of each material has its own advantage and disadvantage for tissue mimicking in 

biomechanical experiments, as summarized in Table 3-1. 

TMMs are always made of engineering materials, easy to fabricate and reuse, and 

convenient to set up and manipulate for repetitive clinical training and in-house 

experiments. PVA, silicone rubber and gelatin phantom are selected as the replacement 

candidates for soft tissue, based on their wide usage in mechanical property mimicking 

applications (Gokgol et al., 2012; Jiang et al., 2011; Oldfield et al., 2013a).  

Pig is reported to share 98% of human genes and is regarded as a good model for 

biomedical research (Humphray et al., 2007). Two typical examples of the pig usage in 

research are the guinea pig for biomechanical test (Liao et al., 2009) and the fetal pig for 

vascular graft in tissue engineering (Liu et al., 2008). Considering this high similarity 
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between pig and human, pork liver was chosen because of its large size and structural 

homogeneity. 

Table 3-1 Advantage and disadvantage summary of each material 

 Advantage Disadvantage 

TMMs 

Easy to fabricate and reuse; 

Easy to set up and manipulate; 

Repeatability of experiments; 

Limited tissue mimicking ability; 

Strict fabrication recipe; 

Short storage time; 

Ex vivo 

Animal 

Tissue 

Good tissue mimicking ability; 

Easy to acquire by  purchase; 

Not homogeneous; 

Hard to obtain repeatable results; 

Thiel-

embalmed 

Human 

Tissue 

Good tissue mimicking ability; 

Dissected from human body; 

Not homogeneous; 

Hard to obtain repeatable results; 

Experimental trials with human body are always considered as the gold standard for 

surgical and interventional instruments and procedures. Because of the ethical restriction 

and limited access to live human body, cadavers are used as the most suitable model only 

for practical teaching of medical operations and for cutting-edge research into new 

medical technologies.  

Previously, two main types of human cadaver have been used in teaching and research: 

fresh cadaver and formalin-fixed cadaver. Fresh human cadaver is very limited in supply 

and can only be used for a short period of time. This fresh cadaver may be temporarily 

preserved by freezing. However, the freezing process only temporarily suspends the 

decay process. Once the body is defrosted, there is a risk of infection. Formalin-based 

preservation methods are able to maintain the tissue structure and reduce the infection 

risk. Nevertheless, the formalin is toxic and respiratory irritation and discomforts are 

reported by anatomy staff and students during dissection of formalin-fixed cadavers. 
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Furthermore, the formalin fixation makes the human tissue and joints much stiffer and 

hard to use in biomechanical test. 

Due to those health hazards and working limitations, there is increasing interest in a new 

embalming technique which has extremely low health risks and maintains cadavers in a 

life-like condition for long periods of time. Thiel embalming is a soft-fix embalming 

technique developed by Walter Thiel at the Institut Fϋr Anatomie, Graz, Austria (Thiel, 

1992). This method maintains tissue softness, colour and flexibility, because of the very 

limited formaldehyde levels in the Thiel embalming fluid (Eisma et al., 2013). In the 

United Kingdom, Thiel-embalming is only conducted and established at the Centre for 

Anatomy and Human Identification (CAHID), University of Dundee. The work is 

regulated by the Anatomy Act (Scotland) and Her Majesty's Inspector of Anatomy for 

Scotland. The Thiel-embalmed human samples of tendon, ligament, fat and brain were 

collected from CAHID to evaluate their soft tissue mimicking abilities for in-house 

experiments.  

3.2 Material fabrication and preparation 

There are mainly two types of tests for mechanical property characterization: tensile test 

and compressive test. The material for tensile test is shaped as a dog bone profile; and the 

material for compressive test is usually shaped as a cylinder.  

3.2.1 PVA specimen 

PVA hydrogel is fabricated by dissolving the PVA power (341854, Sigma-Aldrich, St. 

Louis, MO, USA) into boiled water with concentration of 12% w/w and storing with a 

few freeze-thaw cycles. The specific fabrication steps consist of: 

(a) Boil 88% w/w clean water and put the water in a beaker until 60 °C; 

(b) Weigh the 12% PVA powder by a compact balance (CQT251, Adam, Danbury, 

CT, USA) ; 

(c) Place the beaker on a hotplate stirrer (SD162, Stuart Equipment, Staffordshire, 

UK) with the temperature set as 80 °C and pour the PVA powder gradually into 

the beaker for better dissolution; 

(d) Stir the PVA solution until the PVA powder has been fully dissolved; 

(e) Pour the clear PVA solution into a rectangular container and store it in a freezer 

with temperature of -20 °C for 12 hours; 
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(f) Afterwards take the container out in room temperature to thaw the PVA hydrogel 

for another 12 hours; 

(g) Repeat the freeze-thaw cycles for three times; 

(h) Finally take out the PVA hydrogel sheet from the container. 

For tensile test, the PVA sheet should be cut into a dog bone shape. To fulfil this task, 

one dog bone mould and one dog bone cutter were designed in the software of 

Solidworks (2013 SP3.0, Dassault Systeme, Paris, France), with the dimensions shown in 

appendix A-1 and A-2. The dog bone shape mould was then prototyped by using one 3D 

printer (uPrint SE, Stratasys, MN, USA) with printing material of acrylonitrile butadiene 

styrene (ABS); the dog bone shape cutter was made of steel in the workshop of School of 

Science and Engineering. The mould and the cutter are shown in Figure 3-3. 

             

(a) (b) 

Figure 3-3 (a) Dog bone shape mould and (b) dog bone shape cutter 

After the fabrication of the mould and the cutter, the PVA sheet was shaped into the two 

different types of dog bone specimens for the next mechanical tensile test, as shown in 

Figure 3-4. By using the mould and cutter to make those specimens, it is easier to 

standardize the specimen dimension and enhance experimental repeatability. 

              

(a) (b) 

Figure 3-4 PVA specimens shaped by (a) dog bone mould and (b) dog bone cutter 
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3.2.2 Silicone rubber specimen 

To make silicone rubber specimen, one commercial product of Dragon Skin FX-Pro (FX-

Pro, Smooth-on, Pennsylvania, USA) was used to produce the silicone elastomer. This 

product is specifically used to create silicone skin makeup and mask, and it contains two 

liquid parts: part A and part B. Part A is composed of polyorganosiloxanes, amorphous 

silica and platinum siloxane complex, while part B constitutes only polyorganosiloxanes 

and amorphous silica, as shown in Figure 3-5. The fabrication of silicone elastomer 

consists of: 

(a) Premix part B thoroughly; 

(b) Weigh part A and part B in a ratio of 50:50 w/w, pour the same amount of part A 

and part B into mixing container, and mix the two parts thoroughly within pot life 

of 12 minutes (air bubbles were always trapped inside this viscous solution during 

mixing; so if possible, centrifugal machine can be used to force the air bubbles to 

the bottom of container); 

(c) Pour the well mixed solution into a rectangular container for curing at room 

temperature (73 °F/23 °C) for 45 minutes, during which a medical suction 

equipment (SAM 12, M.G. Electric, Colchester, UK) could be applied to remove 

the extra entrapped air bubbles; 

(d)  Finally take out the silicone elastomer as one piece of transparent sheet. 

                       

(a) (b) 

Figure 3-5 (a) Commercial silicone elastomer product of Dragon Skin FX-Pro and (b) 

the silicone specimens shaped by dog bone cutter 

Then the silicone elastomer sheet could be cut into the dog bone shape by the dog bone 

cutter, as shown in Figure 3.5. During the fabrication, some amount of SLACER 

deadening agent (SLACER, Smooth-on, Pennsylvania, USA) can be added into the 
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mixed solution to make even softer gels for stiffness adjustment. But for silicone 

specimen prepared in this study, no such deadening agent was used. 

3.2.3 Gelatin phantom 

Gelatin is a form of hydrolysed collagen, which is often extracted from pork skins or 

cattle bones. It is translucent and therefore good for experimental observation. It is also 

fragile and easy to break, so only compressive tests could be done. Therefore the 

phantom is fabricated as a cylindrical shape. The mechanical properties of the gelatin 

phantom are sensitive to temperature and can be adjusted with different concentrations of 

gelatin. The fabrication steps of gelatin phantom consist of: 

(a) Weigh 6% w/w gelatine leaf (Select Fine Leaf Gelatine, Dr Oetker, Leeds, UK) 

by a compact balance and soak these leaves in cold water for 5 minutes; 

(b) Boil clean water and pour 80% w/w hot water in the beaker; 

(c) Take out the soaked gelatine leaves and add them into the beaker gradually for 

better dissolution; 

(d) Add more hot water into the beaker until the whole solution reaches 100% w/w; 

(e) Place the beaker on a hotplate stirrer with the temperature set as 80 °C for 30 

minutes until full dissolution of the gelatine leaves; 

(f) Lubricate the inner surface of one cylindrical container with only one thin layer of 

silicone oil (Silicone Spray Lubricant, WD-40 company, Milton Keynes, UK); 

(g) Pour the clear gelatine solution into the lubricated container and place the 

container in the fridge for 12 hours with a temperature of 6 °C; 

(h) Finally take out the gelatin phantom from the container as a shape of cylinder, as 

shown in Figure 3-6. 

     

(a) (b) 

Figure 3-6 (a) Top view and (b) side view of the cylindrical gelatin phantom 
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3.2.4 Pork liver specimen 

Pork liver was purchased through a local butcher house: Scott Brothers and collected just 

one day after the dissection to guarantee the liver’s freshness. To prepare the specimen, 

the liver has to be first dissected into slices and then cut into a dog bone shape for tensile 

test. The preparation steps consist of: 

(a) Take the liver out from the package, place it on a plate and dissect it into slices; 

(b) Place the dog bone mould on the liver slice and cut along the mould’s profile with 

a medical scalpel; 

(c) Examine the prepared specimen and discard the inhomogeneous specimen which 

contains vessel cavity; 

(d)  Repeat the procedure to acquire enough specimens.  

During the preparation process, extra membrane should be removed and vessel cavity 

should be avoided by adjusting the dissection position and specimen shape, as shown in 

Figure 3-7. The liver tissue is also prone to deformation when it is manipulated and 

dissected. Therefore, it will make the whole process easier to have two persons cooperate, 

when one is in charge of fixation of the tissue and another one handles the dissection with 

patience.  

 

Figure 3-7 Dog bone shape specimen of pork liver 

3.2.5 Thiel-embalmed tendons and ligament 

The Thiel embalming process starts by injecting the arterial infusion into femoral artery 

and the venous infusion into the superior sagittal sinus, and then the body is submerged in 

a tank filled with the tank embalming fluid for at least 3 months. Afterwards, the body 

can stay submerged in the tank or be stored in plastic bags when the Thiel-moistening 

fluid can be applied. Those four different Thiel-embalming fluids were made and used in 
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CAHID with different compositions (Eisma et al., 2013) for different processing purposes 

and stages, as shown in Table 3-2.  

These Thiel-embalming fluids are based on water, glycol and various salts. More harmful 

components such as formaldehyde, chlorocresol and morpholine are only used in very 

low concentrations (1.44%, 0.35% and 1.15% respectively for arterial infusion) and this 

combined with the good biocidal properties of the fluids, makes the cadavers safe to work 

with. 

Table 3-2 Composition of Thiel-embalming fluids used in CAHID 

 Arterial 

infusion 

Venous 

infusion 

Tank     

fluid 

Moistening 

fluid 

Hot tap water 6.8 L 1.45 L 1250 L 20 L 

Boric acid 250 g 80 g 45 kg 600 g 

Ammonium nitrate 1680 g 520 g 150 kg – 

Potassium nitrate 420 g 130 g 75 kg – 

Sodium sulphite 700 g 190 g 105 kg 1 kg 

Propylene glycol 2.5 L 780 mL 150 L 1 L 

Stock II * 500 mL 190 mL 30 L 200 mL 

Formaldehyde solution (8.9 %) 2.1 L 1.5 L 125 L – 

Morpholine 150 mL 110 mL – – 

Alcohol 1 L 1.1 L – – 

Total volume ca.** 13 L 5.5 L 1720 L 22 L 

* Stock II is a mixture of 1 kg chlorocresol in 10 L of glycol. 

** Total volumes are approximate and based on the size of cadaver and embalming tank. 

The dissected Thiel-embalmed tendons and ligament used in this study are from the ankle 

region: peroneus longus, peroneus brevis, calcaneal tendons; and calcaneofibular 
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ligament. They were collected from both left and right ankles from 3 cadavers, therefore 

providing 24 samples in total.  

The left femoral artery was used for embalming for all the three cadavers, which 

generally means that the left leg was better perfused than the right leg. All cadavers had 

been used for a range of surgical and other procedures beforehand although the ankles 

were intact at the time the specimens were dissected and removed from the cadaver. An 

example of each type of specimen is shown in Figure 3-8.      

 

Figure 3-8 Thiel-embalmed samples: (a) peroneus longus, (b) peroneus brevis, (c) 

calcaneal tendon and (d) calcaneofibular ligament. The numbered scale is in cm. 

Concerning the dissection method, for the bone-tendon and bone-ligament connections, 

the samples were dissected along the bone’s profile so that the tendon and ligament 

region could be kept as much as possible. For the muscle-tendon connection, the samples 

were dissected at the distal end of the tendon so as to keep the tendon region as long as 

possible for tensile testing. 

3.2.6 Thiel-embalmed fat 

Thiel-embalmed fat was collected from the abdominal region of Thiel-embalmed human 

body. The fat tissue was too soft and deformable to be compressed and thus the tensile 

test was selected for mechanical measurement. Besides, surgical glue was used for the 

sample fixation, because the fat was easy to tear when it was placed on the clamp notches. 

Based on the two considerations, the fat samples were intended to be prepared as a 

cylindrical shape. To cut the sample into cylindrical shape, one cylindrical cutter was 
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designed with a hollow circle cross section, the diameter of the circle was made as 20 mm 

and another pusher was also made to take the sample out, as shown in Figure 3-9. 

               

(a) (b) 

Figure 3-9 (a) side view and (b) vertical view of cylindrical cutter and pusher for 

Thiel-embalmed fat tissue dissection 

The Thiel-embalmed fat tissue was first dissected from the abdominal region and taken 

out like one layer of thick sheet, when it was placed on a flat surface. By using the 

cylindrical cutter, the fat tissue was cut into several cylinder-shaped samples and then 

stored in the dissection cup with some moistening fluid for preservation, as shown in 

Figure 3-10. The dissected fat samples were always stored in these cups, in case of dry-

out and infection, until they were taken out for testing. 

                   

(a) (b) 

Figure 3-10 Cylindrical dissected fat tissue (a) and (b) respectively from two 

different Thiel-embalmed cadavers 

3.2.7 Thiel-embalmed brain 

Freshly Thiel-embalmed brain tissue was collected from the body shortly after the initial 

step of embalming process, in which Thiel fluids were pumped into the vascular system, 

but before the body was submerged in the tank. This operation was expected to preserve 

the structure and property of the brain tissue well enough while stopping the 

decomposition and eliminating the infection. Because of the limited supply, only one 
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human brain was available for experiment. So it was decided to collect brain samples 

from four different regions of grey matter, cerebellum, medulla and thalamus, as shown 

in Figure 3-11. It was hoped that the results from these four different regions could be 

representative. 

                    

(a) grey matter (b) cerebellum 

                    

(c) medulla (d) thalamus 

Figure 3-11 Cylindrical dissected Thiel-embalmed brain tissue in the regions of (a) 

grey matter, (b) cerebellum, (c) medulla and (d) thalamus. The lower numbered scale 

is in cm. 

Considering the brain tissue is very deformable and prone to tear, the brain tissue was cut 

into cylindrical shape by using the cylindrical cutter, as it was done with the fat tissue. 

During the cutting process, different positions have been tried in order to maintain the 

sample’s homogeneity. 

3.3 Tensile and compressive experimental arrangements 

Tensile and compressive tests are two fundamental material testing procedures in which a 

sample is subjected to a controlled tension or compression until the failure or stop 

condition. Both tensile and compressive tests are conducted in a uniaxial direction and 

are commonly utilized to characterize the mechanical property of materials. 
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3.3.1 Test equipment and fixation gadgets 

The tensile and compressive tests were all conducted with a commercial material testing 

machine (H5KS, Tinius Olsen, Surrey, UK). The machine could be programmed to 

perform different operations by the remote computer, as shown in Figure 3-12. The 

maximum load for this machine is 5 kN and the precision of speed control is 

0.001 mm/min. Two load cells were used for force measurement with capacities of 10 N 

(208678, Tinius Olsen, Surrey, UK) and 5000 N (AP30286, Tinius Olsen, Surrey, UK), 

as shown in Figure 3-13. When the test was finished, the response of force against 

distance was exported into an Excel file. The calibrated load measurement accuracy was 

0.5% of the applied load when loaded with 2% to100% capacity, and the accuracy went 

to 1% of the applied load when loaded with 1% or less capacity. The position 

measurement accuracy was 0.01% of reading or maximally 0.001 mm. The controlled 

testing speed accuracy was 0.005% of the set value. 

 

Figure 3-12 Material testing machine: Tinius Olsen, H5KS 

           

(a) (b) 

Figure 3-13 (a) 10 N load cell and (b) 5000 N load cell. The scale is in cm. 
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Fixation of specimen and biological tissue sample on the testing machine’s cross head 

was very important but difficult. The fixation needed to apply enough force so as to hold 

the specimen in position and it also needed to avoid too much force so as not to tear or 

damage the tissue’s contacting part. There were five basic techniques to apply: clamping, 

suture, gluing, vacuum suction and direct contact.  

In all of the experiments, clamping and gluing were used for fixation in tensile test; direct 

contact was used for fixation in compressive test. For the convenience of practice, special 

fixation tools were designed and utilized for sample fixation, as shown in Figure 3-14. 

Clip, flat clamp, rolling clamp, flat stage and instant adhesive were used for tensile tests 

while the petri dish was used for compressive tests. 

The clip was used to mount soft samples from the upper end, and the inner sides of the 

clip edge were attached with rubber strips to increase the friction force. The flat clamp 

could be mounted at both upper and lower ends, and the clamping tightness could be 

adjusted with the bolt for different softnesses of tissue samples to avoid the tissue damage 

during fixation. The rolling clamp was used for stiffer samples, which were tested with 

the 5000 N load cell; the clamp could roll along the tensile direction with the increased 

clamping force to hold the sample in position during the test. Petri dish was used for 

compressive test with its flat surface, which was suitable for cylindrical shape of tissue 

sample. A special flat stage was also designed for extremely soft samples of fat and brain; 

the samples could be mounted on the stage’s surface with instant adhesive (Loctite 431, 

Henkel, Hemel Hempstead, United Kingdom) applied on the top and bottom contact 

surface for fixation.  

 

 

 



 

64 
 

Tissue Characterisation on Mechanical Properties 

      

(a) (b) 

       

(c) (d) 

       

(e) (f) 

Figure 3-14 (a) Clip, (b) flat clamp, (c) rolling clamping, (d) petri dish, (e) flat stage 

and (f) instant adhesive for sample fixation. The numbered scale is in cm. 

3.3.2 Test procedure and setup 

Concerning storage and testing environment, the tissue mimicking samples were exposed 

in the air directly for PVA, silicone rubber and gelatin phantom; the ex vivo tissue of pork 

liver was perfused with 0.9% saline water to prevent drying out when necessary; the 

Thiel-embalmed samples of tendon, ligament, fat and brain were also applied with 

moistening fluid to keep them in perfusion condition. The test was conducted at room 

temperature. No other water bath or temperature regulators were used to control the 

testing environment. 
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In biomechanical tests, preconditioning is usually adopted for experimental repeatability. 

The standard preconditioning is conducted as cyclic tensile or compressive procedures 

until the area within the hysteresis loop for mechanical response is minimized, so that 

more reproducible results could be collected from the following tests. The standard pre-

conditioning on one hand facilitates the reproducibility of experimental results; on the 

other hand, it dissipates the internal stored energy within the sample and potentially 

affects the sample’s internal structure and mechanical response (Quinn and Winkelstein, 

2011). 

For this reason, all the tensile and compressive tests were performed without 

preconditioning. The author was also fully aware that there could be some softening or 

stiffening effects as the testing times increased, so instead each test was repeated for 

several times, and calculated the standard deviation of the results. The validity and 

reliability of the experimental method could be justified with small standard deviation of 

each measurement. 

Fixation methods of each type of specimen on the load cell are shown in Figure 3-15. The 

fixation methods of PVA, silicone rubber and pork liver specimens were the same: the 

top end was clamped with the clip and the bottom end was fixed with the flat clamp. The 

cylindrical gelatin phantom was placed between two petri dishes for compressive test. 

Thiel-embalmed tendons and ligament were clamped between flat clamps or rolling 

clamps for tensile test. Thiel-embalmed fat and brain were fixed on the flat stage by 

applying instant glue on the contact between tissue and stage surface. 

After fixation of the sample, the vertical and horizontal alignments were checked with a 

bubble level; then the original length was measured as gauge length L, and the cross-

section area was measured as A. Test speeds for PVA, silicone rubber and gelatin 

phantom were controlled as extension per minute; while the test speeds for ex vivo and 

Thiel-embalmed tissues were controlled as strain rates. Specimens of PVA, silicone 

rubber, gelatin phantom, pork liver and Thiel-embalmed fat and brain were tested until 

reaching the fracture point; while the tests with Thiel-embalmed tendons and ligament 

were done below the fracture threshold. 
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(a) (b) (c) 

          

(d) (e) 

         

(f) (g) 

Figure 3-15 Specimen fixation of (a) PVA, (b) silicone rubber, (c) gelatin phantom, 

(d) pork liver, (e) Thiel-embalmed ligament, (f) Thiel-embalmed fat, and (g) Thiel-

embalmed brain on load cell. 

Overall testing parameters for each type of specimen have been summarized in Table 3-3, 

concerning the test speed and type, stop condition, used load cell and fixation method. 

After finishing each test, the extension/compression ∆L and force response F recorded 

were exported through the remote control software Qmat (Qmat-5.37, Tinius Olsen, 

Surrey, UK).  
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Table 3-3 Tensile and compressive test setup summary 

Tissue type Test speed & type Stop condition Load cell Fixation 

PVA 

specimen 

60 mm/min (0.83%/s)  

Tensile 

Fracture 10 N Top: clip         

Bottom: flat clamp 

Silicone 

rubber 

60 mm/min (0.83%/s)  

Tensile 

Fracture 10 N Top: clip        

Bottom: flat clamp 

Gelatin 

phantom 

2 mm/min (0.07%/s) 

Compressive 

Fracture 10 N Top: petri dish  

Bottom: petri dish 

Pork liver 1.67%/s             

Tensile 

Strain > 40%    

or Fracture 

10 N Top: clip Bottom: 

flat clamp 

Thiel tendon 

& ligament 

2%/s                  

Tensile 

Strain > 20%    

or Fracture 

5000 N Top: flat clamp  

Bottom: flat clamp 

Thieled fat 1.67%/s             

Tensile 

Strain > 40%   

or Fracture 

10 N Top: flat stage 

Bottom: flat stage 

Thieled brain 1.67%/s             

Tensile 

Strain > 40%   

or Fracture 

10 N Top: flat stage 

Bottom: flat stage 

3.4 Results and discussion 

The recorded force responses along the extension/compression depth were converted into 

stress response against strain. The Young’s modulus of the material was calculated by 

using the equation (3-1), and the fracture strains were statistically compared. Analysis of 

variance (ANOVA) was conducted on the measurements from Thiel-embalmed tendons 

and ligament, to investigate whether the difference of the measured elasticity existed 

between different cadavers, between the samples from different positions and between 

the different testing strain rates. 



 

68 
 

Tissue Characterisation on Mechanical Properties 

3.4.1 Stress vs strain response 

The typical stress responses against strain for PVA phantom, silicone rubber, gelatin 

phantom and pork liver, were shown in Figure 3-16. High repeatability in measurement 

was found in all engineering materials of PVA phantom, silicone rubber and gelatin 

phantom among the prepared samples. Small differences in measurement existed in the 

prepared samples of pork liver. The mechanical stress response of gelatin phantom 

exhibited a straight elastic curve from compression, while the responses of PVA phantom, 

silicone rubber and pork liver from tension were all curved and nonlinear.  

            

(a) (b) 

          

(c) (d) 

Figure 3-16 Stress vs strain responses from tensile tests of (a) PVA phantom, (b) 

silicone rubber, (c) gelatin phantom and (d) pork liver 

It was found that larger variance existed among the measurements of Thiel-embalmed 

human samples, and therefore tensile test was repeated 3 times for each sample of Thiel-
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embalmed tendons and ligament before their fracture stress. Thiel-embalmed fat and 

brain tissue were found to be very soft and fragile for the tensile test. Both of them 

fractured during the 1st test, so only one response curve was recorded for each sample of 

Thiel-embalmed fat and brain tissue. The typical stress responses against strain for Thiel-

embalmed tendon, ligament, fat and brain tissue, were shown in Figure 3-17. Good 

repeatability was noticed in the measurements of each sample of Thiel-embalmed tendons 

and ligament. The stress response of Thiel-embalmed ligament was found to be more 

linear than the response of Thiel-embalmed tendon.  

 

(a) Thiel-embalmed calcaneal tendon (b) Thiel-embalmed calcaneofibular ligament 

 

(c) Thiel-embalmed fat (d) Thiel-embalmed brain 

Figure 3-17 Stress vs strain responses from tensile tests of Thiel-embalmed (a) 

calcaneal tendon, (b) calcaneofibular ligament, (c) fat and (d) brain tissue 
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3.4.2 Young’s modulus and fracture strain 

After finishing all the measurements, the statistical data on Young’s modulus and fracture 

strain were summarised in Table 3-4, for PVA phantom, silicone rubber, gelatin phantom, 

pork liver, Thiel-embalmed fat and Thiel-embalmed brain tissue. 

Table 3-4 Statistical data on Young’s modulus and fracture strain 

  

  

Young's modulus (kPa) Fracture strain Number 

of 

samples Mean SD Mean SD 

PVA phantom 48.06 2.63 2.91 0.10 3 

Silicone rubber  375.06 16.64 4.25 <0.01 3 

Gelatin phantom 20.40 <0.01 0.28 <0.01 5 

Pork liver 571.50 18.16 0.43 0.02 5 

Thiel-embalmed fat 10.57 6.75 0.33 0.03 4 

Thiel-embalmed brain 16.26 10.16 0.26 0.05 4 

To facilitate the comparison between different types of samples, the statistical data on 

Young’s modulus and strain rate were also plotted in Figure 3-18, with the mean value 

and standard deviation (SD). 
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Figure 3-18 Comparisons of Young’s modulus and strain rate for PVA phantom, 

silicone rubber, gelatin phantom, pork liver, Thiel-embalmed fat and Thiel-

embalmed brain tissue 

The Young’s modulus measurements of gelatin phantom, Thiel-embalmed fat and Thiel-

embalmed brain were comparable to be 10 - 20 kPa. The measured Young’s modulus of 

PVA phantom was about 2.5 times higher with a mean value of 48.06 kPa. The 

measurements of Young’s modulus for silicone rubber and pork liver were found to be 

much higher as 375.06 kPa and 571.50 kPa respectively. 

The fracture strain measurements of gelatin phantom, pork liver, Thiel-embalmed fat and 

Thiel-embalmed brain were similar to be 0.26 - 0.44. While the measured fracture strains 

for PVA phantom and silicone rubber were found to be much higher as 2.91 and 4.25 

respectively. 

3.4.3 Thiel-embalming effect 

All the specimens of Thiel-embalmed tendons and ligament were kept as the original 

shape after dissection so as to exhibit their true mechanical response. During the tensile 

tests, no obvious damage effect was identified, as the specimen fixture on the grip started 

to move before reaching the fracture point when the test was stopped with only the 

preceding data recorded. Therefore, no records on fracture strain had been made.  
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Considering the high stiffness and physiological connective function, tensile tests with 

three different strain rates of 0.25%s-1, 2%s-1 and 8%s-1 were planned and conducted with 

the specimens of Thiel-embalmed tendons and ligament from both left and right sides of 

cadaver A, B and C. The Young’s modulus of each specimen was repeatedly measured 

with a small standard deviation indicating reliability, as shown in Figure 3-19.  

 

(a) peroneus longus (b) peroneus brevis 

 

(c) calcaneal tendon (d) calcaneofibular ligament 

Figure 3-19 Young’s modulus measurement of (a) peroneus longus, (b) peroneus 

brevis, (c) calcaneal tendon, and (d) calcaneofibular ligament with strain rates of 

0.25%s-1, 2%s-1 and 8%s-1  

The overall measurements for each type of specimen were summarized in Table 3-5, with 

mean and standard deviation of the measured Young’s modulus shown at the three 

different strain rates of 0.25%s-1, 2%s-1 and 8%s-1. It’s generally noticed that the 

measured Young’s modulus from left side was higher than the measured value from right 

side and that the measured Young’s modulus value increased as the adopted strain rate 

increased for each type of specimen. In order to confirm this observation, analysis of 

variance (ANOVA) was proposed to investigate this hypothesis reliability.  
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Table 3-5 Young’s modulus measured through repetitive tensile tests with statistical 

mean (Mean) and standard deviation (SD) calculated for all 24 Thiel-embalmed 

samples with strain rates of 0.25%s-1, 2%s-1 and 8%s-1. 

Young’s modulus (MPa) 

(Mean ± SD) 

Strain rate 

0.25%/s 2%/s 8%/s 

Peroneus longus 

Left 237.63 ± 95.64 339.96 ± 60.45 346.91 ± 84.50 

Right 174.18 ± 52.19 298.83 ± 163.06 306.32 ± 171.25 

Peroneus brevis 

Left 239.78 ± 66.87 343.57 ± 62.68 268.67 ± 27.58 

Right 203.65 ± 113.80 303.58 ± 66.61 261.30 ± 23.67 

Calcaneal tendon 

Left 106.73 ± 66.15 215.21 ± 108.87 272.82 ± 86.61 

Right 62.23 ± 18.96 190.52 ± 74.25 237.02 ± 84.29 

Calcaneofibular 

ligament 

Left 298.49 ± 71.70 337.55 ± 106.40 356.93 ± 49.54 

Right 169.65 ± 81.59 239.57 ± 41.72 267.93 ± 70.38 

ANOVA on two-factor without replication was adopted to investigate whether the 

difference of the measured elasticity existed between different cadavers, between the 

samples from different positions and between the different testing strain rates. Before 

each ANOVA was conducted, all the data was segmented into subgroups which were 

chosen to meet the hypothesis purpose (respectively as - cadaver: A, B and C; position: 

left and right; strain rate:  0.25%s-1, 2%s-1 and 8%s-1).   

Considering the relative small standard deviation over the mean value of the elasticity 

measurement for each sample, the mean value was representatively chosen to do the two-
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factor ANOVA test. This analysis was performed against a p-value of 0.05 as the level of 

significance. The mean and standard deviation of each subgroup were tabulated with 

corresponding F value and p-value in Table 3-6.   

Table 3-6 The mean and standard deviation of the measured elasticity and ANOVA 

(two-factor without replication) test results within different cadavers, different 

anatomical dissection positions and different tensile testing strain rates. 

 

  Young’s modulus (MPa)  (Mean ± SD) 

 

ANOVA test 

Cadaver 

 A B C 

 

F P-value F -0.05 

 246.82±103.20 265.00±126.07 248.06±75.67 

 

0.33 0.72 3.20 

Position 

 Left Right 

  

F P-value F -0.05 

 280.35±95.92 226.23±103.15 

  

15.88 3.26e-04 4.12 

Strain 

rate 

 0.25%/s 2%/s 8%/s 

 

F P-value F -0.05 

 186.54±96.29 283.60±96.65 289.74±82.92 

 

33.14 1.22e-09 3.20 

According to the results of ANOVA, no significance was found among the three cadavers, 

as the tested F value of 0.33 was found to be smaller than the F critical value of 3.20. 

Samples from the left ankle were found to be generally stiffer than the samples from the 

corresponding right ankle, with p-value as 3.26e-04 and far smaller than 0.05. A 

consistent increase between the tensile strain rate and the measured Young’s Modulus 

was confirmed with F value of 33.14 far above the F critical value of 3.20 for the 

significance level of 0.05. 

A comparison was also made between the measured Young’s modulus of Thiel-

embalmed sample in this study and the literature values for non-embalmed samples at a 

comparable strain rate, as shown in Table 3-7. It was found that the Young’s modulus of 

the Thiel-embalmed sample was usually smaller than the Young’s modulus of the non-

embalmed sample, except in the case of peroneus brevis tendon. 
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Table 3-7 Comparison of Young’s modulus between the measured value from this 

study and the value from the literature at a comparable strain rate 

Sample 

Thiel-embalmed 

 

Non-embalmed 

Young's 

modulus (MPa) 

strain 

rate 
 

Young's 

modulus (MPa) 

strain 

rate 
reference 

Peroneous 

longus 
319.39±112.27 2%s-1 

 

689±159 N.A. (Arthrex, 2007) 

Peroneous 

brevis 
221.72±85.79 0.25%s-1 

 

149.7±56.3 N.A. 
(Carmont and 

Maffulli, 2007) 

Calcaneal 

tendon 
202.86±84.44 2%s-1 

 

559.2±257.3 2.67%s-1 
(Louis-Ugbo et al., 

2004) 

Calcaneofibular 

ligament 
234.07±98.48 0.25%s-1 

 

512.0±333.5 
0.13-

0.45%s-1 

(Siegler et al., 

1988) 

3.4.4 Discussion 

Stress response against strain came from the measurement of force versus extension. 

Combinational accuracy was subject to the measurement accuracy of the original gauge 

length, the original cross section area, the force response and the extension. The 

measurement precision of the original gauge length and original cross section area were 

affected with the fixture adjustment when the tested specimen was mounted on the grip 

and stretched in shape. The precision of force was determined by the load cell and the 

precision of extension was under control of the test machine when no slippage on the grip 

was guaranteed.  

Curve results on engineering materials of PVA phantom, silicone rubber and gelatin 

phantom exhibited high repeatability among the different specimens. This meant that the 

engineering materials were very suitable to use for repeatability verification in the testing 

with the designed ultrasonic device. Small inconsistency of stress response existed in the 

measurement of the five pork liver specimens. Large variance existed within the different 

specimens of Thiel-embalmed tendons and ligament when only the repeatability for one 

specimen could be confirmed with the test repeated three times. Thiel-embalmed fat and 
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brain were fragile and were damaged when the first test was conducted, therefore no 

further repeatability confirmation was possible. 

Concerning the statistical summary on Young’s modulus, the stiffness of PVA phantom, 

gelatin phantom, Thiel-embalmed fat and Thiel-embalmed brain shared very close values 

while the stiffness values of silicone rubber and pork liver were tested as much higher as 

375.06 kPa and 571.50 kPa. For the measured fracture strain, gelatin phantom, pork liver, 

Thiel-embalmed fat and Thiel-embalmed brain were tested to be in comparable range 

from 0.26 to 0.43, while the PVA phantom and silicone rubber were very stretchable to 

fracture at strain of 2.91 and 4.25 respectively. 

Based on the two discussions above, gelatin phantom seemed to be a good candidate for 

the later testing with the ultrasonic device for its mechanical mimicking of fat and brain 

tissue with similar in Young’s modulus and fracture strain with high repeatability. Pork 

tissue was also a suitable material to try when tests with real tissue was required, however 

the variance between specimens of the tissue should be always born in mind during 

experiments. 

ANOVA test confirmed three observations: (1) no significant difference was found 

between the three Thiel-embalmed cadavers; (2) significant difference existed between 

the specimens from the left side and right side, and the specimens from the left side were 

found to be stiffer; (3) significant difference was found with the three strain rates of 

0.25%s-1, 2%s-1 and 8%s-1, and the measured Young’s modulus increased with the 

increased strain rate. 

During the embalming process, embalming fluid was perfused into the left femoral artery. 

This process means that the left lower limb receives fluid via a more direct route than the 

right, and is generally better perfused. This embalming fluid has, compared to the tank 

fluid in which the body is subsequently submerged, a higher concentration of alcohol, 

morpholine and formalin which play a role in preservation of tissue firmness. This 

probably explained why the samples from the left ankles were found to have a higher 

elasticity modulus when compared to those samples from the right ankles. 

For the measurements on strain rate shown in Figure 3-19, there was a general increase 

associated with the increased strain rate, which happened more clearly with the 

measurements of calcaneal tendon, same as reported in previous literature (Wren et al., 
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2001). For all other three types of samples, there were some minor discrepancies with the 

increasing tendency of the measured Young’s modulus with the increased testing strain 

rate. Hypothetically, this was most likely due to degradation of the sample caused by the 

accumulation of damage during the tensile test, especially with strain rate of 8%s-1. 

Calcaneal tendon, in comparison to the other samples, usually contains larger collagen 

fibres (Jarvinen et al., 2004) within its large size, which definitely helped to withstand the 

mechanical damage accumulation. 

Quantitative comparisons of elasticity were also made between the Thiel-embalmed 

samples in this study and non-embalmed samples from the literature at comparable strain 

rates in Table 3-7. The elasticity values found by Thiel embalming method within this 

study were on average lower than the values by non-embalmed method found in the 

literature. The elasticity difference was expected to affect general handling of the tissues 

to a lesser extent. However, Thiel-embalming specimens were still good materials to 

work with for new technology development for their similar mimicking ability in 

anatomical structure and elastic stiffness. 

3.5 Summary 

In this chapter, mechanical properties of Young’s modulus and fracture strain were 

characterized for TMMs, ex vivo tissue and Thiel-embalmed tissue. 

Firstly, one nonlinear constitutive model for soft tissue was introduced and two 

characteristic parameters of Young’s modulus and fracture strain were identified to 

characterize. Based on their universal application in research, the target materials were 

selected as PVA phantom, silicone rubber, gelatin phantom, pork liver, Thiel-embalmed 

tendons, Thiel-embalmed ligament, Thiel-embalmed fat and Thiel-embalmed brain.  

Secondly, the fabrication and preparation methods for each type of material were tested 

and fully described. The test equipment was introduced with specification and the 

fixation gadgets for each type of material were demonstrated in figure. The test procedure 

and setup were determined on test speed, test type, stop condition and the used load cell 

for each type of material.  

Thirdly, the mechanical test results were acquired, including three parts: (1) stress curve 

response against strain for each type of material; (2) statistical Young’s modulus and 
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fracture strain for PVA phantom, silicone rubber, gelatin phantom, pork liver, Thiel-

embalmed fat and Thiel-embalmed brain tissue; (3) ANOVA test with the Young’s 

modulus of the Thiel-embalmed tendons and ligament. 

To conclude according to the characterization result, gelatin phantom represents a good 

candidate as engineering material for its mimicking fat and brain in Young’s modulus and 

fracture strain with high repeatability; pork tissue represents a proper material to work 

with when real tissue is expected and lower variance in experiment is allowed; Thiel-

embalmed tissue also represented a good material to use for its similar mimicking ability 

in anatomical structure and elastic stiffness with human tissue, although exhibiting 

certain softening effect in Young’s modulus.  

Therefore, gelatin phantom, ex vivo porcine tissue and Thiel-embalmed human tissue 

were finally determined as the experimental targets for interaction investigation with 

ultrasonic device through the whole study within this thesis. 
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Chapter 4 Ultrasound Needle Device Characterisation  

Needle insertion procedures are now frequently conducted in hospitals for fluid perfusion 

and tissue biopsy. These needle-based procedures are easy to set up and sometimes 

conducted under ultrasound guidance with real-time monitoring. Percutaneous needle 

insertion is difficult for clinicians because of poor visibility, deformation of tissues and 

limited manoeuverability. Needle application in minimally invasive percutaneous 

procedures such as cancer biopsy and regional anaesthesia, are now gaining increasing 

attention for better needle visibility and targeting accuracy (Elgezua et al., 2013).  

Meanwhile, ultrasonic actuation has been approved to be able to facilitate the mechanical 

operation in many aspects. As one example, the static force required for metal forming 

can be reduced by superimposing ultrasonic vibration on the forming anvil (Daud et al., 

2007); the ultrasonic actuation makes the metal respond mechanically in the plastic 

region to achieve a smaller static compressive force for easier forming. In an another 

example, a syringe was designed to be capped on a piezoelectric transducer to vibrate at 

84 kHz for maximum displacement and a reduced insertion force into porcine tissue was 

measured in the following preliminary experiment (Y C Huang, 2012).  

With the mentioned clinical need to better understand the interface between an ultrasonic 

tool and the target, so as to better control the needle insertion in medical operation, a 

piezoelectric needle device design is proposed. The operation of the device is explained 

first, and then the performance optimization methods for this piezoelectric needle device 

are analysed and implemented in this chapter. The outline of this chapter is listed as: 

 Piezoelectric needle device 

 System characterisation  

 Driving optimization for high power performance 

 

  



 

80 
 

Ultrasound Needle Device Characterisation 

4.1 Piezoelectric needle device 

The piezoelectric needle device developed in the local laboratory for this application, has 

experienced three generations of design improvements up to now as shown in Figure 4-1: 

the first generation was proposed and designed by Muhammad Sadiq (Sadiq, 2013); the 

second generation was designed by Yang Kuang for smaller size (Kuang, 2014); the third 

generation was designed by the author for compatibility with standard epidural needle in 

a compact size for anaesthesia trials.  

 

Figure 4-1 Three generations of piezoelectric needle device designed in local 

laboratory by Muhammad Sadiq, Yang Kuang and Xiaochun Liao respectively. The 

square grid size in background is 6 mm. 

4.1.1 Basic design 

Three generations of piezoelectric needle device was designed based on the same 

sandwich structure (Langevin / Tonpliz), as shown in Figure 4-2.  

 

(a) (b) 

Figure 4-2 The (a) object and (b) diagram of piezoelectric needle device 

Three main parts in the sandwich structure are front mass, piezoelectric stack of rings and 

back mass. The front mass was made of aluminium alloy 7075; PZT-4 rings were 

selected for the piezoelectric stack in the centre; the back mass was made of stainless 
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steel. The two assembly parts were designed with the bolt at the back and the collet at the 

front: the bolt was made of stainless steel and it was screwed into the thread in the front 

mass to assemble the sandwich structure together; the collet was made of aluminium 

alloy 7075 and it was used to clamp the standard needle on the front mass. The position 

of the nodal plane was designed at the front edge of back mass to connect the outer casing. 

The two materials selected for the device were aluminium alloy 7075 and stainless steel. 

Their mechanical properties of density, Young’s modulus and Poisson’s ratio are listed in 

Table 4-1 (Meccanica; Metals). Aluminium alloy 7075 is an aluminium alloy which 

contains around 6% zinc, 2% magnesium, 1.5% copper and other elements. This 

aluminium alloy is used in extreme conditions, such as aircraft, aerospace and defence 

applications. It is stronger than the common aluminium with Young’s modulus as 69 GPa; 

most importantly, its fatigue strength of 159 MPa is much higher than the fatigue strength 

of the common 2000 series aluminium alloy as 89.6 MPa (Metals). Aluminium alloy 

7075 was selected with the expectation that it is more resistant to high impact loading and 

long duration of high frequency vibration. Stainless steel is a steel alloy which contains at 

least 11% chromium in content and it is widely used in medical device for its high 

resistance to corrosion. Common steel is easy to rust because the formed iron oxide is 

chemically active and structurally loose, which accelerates the corrosion process. 

Sufficient chromium in composition helps to form one dense and passive layer of 

chromium oxide, which stops corrosion development from surface to interior. Stainless 

steel was selected with expectation to withstand the chemical corrosion and the high 

impact loading for its high Young’s modulus of 197 GPa. 

Table 4-1 Mechanical properties of aluminium alloy 7075 and stainless steel 

Material Density (kg/m3) Young’s Modulus (GPa) Poisson’s Ratio 

Aluminium alloy 7075 2810 71.7 0.33 

Stainless steel 8000 197 0.29 

PZT-4 was selected as the material for piezoelectric rings. PZT-4 is a polycrystalline 

material with perovskite crystal structure. PZT-4 is also named as PZ26 or Navy Type I 

in industry. It has high resistance to depolarization, high Curie temperature and low 
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dielectric losses, which makes it suitable for medium power acoustic radiation 

applications. PZT-4 is represented with crystal symmetry of hexagonal 6mm and can be 

expressed by ten independent property coefficients besides density. Based on the 

constitutive equation in stress-charge form shown in Equation (2-1), the density, elastic, 

piezoelectric and dielectric properties can be expressed as shown in Table 4-2. These 

properties are useful for virtual prototyping in numerical simulation for performance 

optimization. 

Where T is the second rank tensor stress, S is the second rank tensor strain, D is the first 

rank tensor dielectric displacement, E is the first rank tensor electric field, c is the fourth 

rank tensor stiffness, e is the third rank tensor piezoelectric coefficient, and ε is the 

second rank tensor dielectric permittivity. The superscripts of E and S stand for boundary 

conditions of short circuit and clamp restriction respectively. 

Table 4-2 Material properties of PZT-4 

Density 

(kg/m3) 

Elastic  stiffness 

cE (GPa) 

Piezoelectric coefficient e 

(C/m2) 

Relative permittivity 

εS  

ρ=7700 c11
E= c22

E=168 e31= e32=-2.8 ε11
S= ε22

S=828 

 c12
E=110 e33=14.7 ε33

S=700 

 c13
E= c23

E=99.9 e15=9.86  

 c33
E=123   

 c44
E=30.1   

The three generations of ultrasonic needle device were named shortly as B2, T4 and U4 

respectively, as shown in Table 4-3. The piezoelectric stack of B2 comprised of two rings 

with outer diameter (OD) of 15 mm, inner diameter (ID) of 8 mm and thickness (TH) of 5 

mm. The piezoelectric stack of T4 and U4 were made of four smaller rings with OD of 10 

mm, ID of 5 mm and TH of 2 mm; the two devices were made with the aim of reducing 
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the size of the device with smaller rings while maintaining the vibration performance 

with a greater number of rings. B2 and T4 were made to fit the needles with diameter size 

from G20 to G22; special changes were made on the front mass and collet of U4 to be 

able to fit for larger G16 and G18 anaesthesia needles. 

Table 4-3 Comparison of three generations of ultrasonic needle device 

Ultrasonic 

needle device 
Name 

No. of 

piezoelectric rings 
Size of ring (mm) 

Needle 

compatibility 

Generation I B2 2 OD: 15  ID: 8  TH: 5 G20 - G22 

Generation II T4 4 OD: 10  ID: 5  TH: 2 G20 - G22 

Generation III U4 4 OD: 10  ID: 5  TH: 2 G16, G18 

4.1.2 Numerical simulation 

This piezoelectric needle device was expected to vibrate in longitudinal mode in design. 

The piezoelectric rings were stacked in the centre with polarization oppositely aligned 

and two adjacent rings shared the same positive or negative electrode. In Figure 4-3, the 

black dot in the yellow piezoelectric region indicated the polarization direction of each 

ring. The ac driving signal was applied to the piezoelectric stack when the piezoelectric 

rings were extended and compressed in thickness extensional (TE) mode.  This TE 

vibration in the piezoelectric material generated the corresponding longitudinal acoustic 

wave and radiation within the whole device.  

When the driving signal was zero with no voltage applied, no acoustic radiation was 

generated as shown in Figure 4-3 (a, c and e). When the driving signal reached the peak 

and was applied in the direction of internal poling field, the piezoelectric rings were 

compressed and the longitudinal acoustic pressure reached the nadir as shown in Figure 

4-3 (b). When the driving signal reached the nadir and was applied in the opposite 

direction of internal poling field, the piezoelectric rings were extended and the 

longitudinal acoustic pressure reached the peak as shown in Figure 4-3 (d). The typical 

acoustic radiation cycle shown in Figure 4-3 repeated when the ac driving continued. 
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Figure 4-3 Working principle of piezoelectric ring stack in one driving cycle 

The continuous acoustic vibration in the piezoelectric stack formed the standing wave 

along the propagation direction when the dimension conforms to integral numbers of the 

half wave length of the acoustic wave. The wave propagation at a particular frequency 

corresponded to the generation of standing wave and mechanical resonance within this 

device, for which large deformation and a specific mode shape could be identified. 

To identify the resonant frequency and verify the expected mode shape, modal analysis 

was performed with the ABAQUS finite element analysis (FEA) package (6.12-1, 

Dassault Systeme, Paris, France). The numerical analysis was first conducted on the 

device without the needle mounted in the frequency range of 10 kHz – 100 kHz. The 

desired mode shape was confirmed at the frequency of 39 kHz, where the maximum 

vibration amplitude along the longitudinal axis was found at the collet, as shown in 

Figure 4-4.  

      

(a) (b) 

Figure 4-4 The (a) mode shape and (b) normalized displacement of the device 

without needle at frequency of 39.0 kHz, simulated by ABAQUS 
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Then a standard G22 needle with a length of 5 cm was attached on the collet for 

numerical analysis. The modal analysis was performed in the frequency range of 10 kHz 

– 100 kHz without setting any boundary condition or load. The longitudinal mode shape 

was confirmed at the frequency of 22 kHz, where the maximum vibration amplitude 

along the axis was found at the needle tip as shown in Figure 4-5 (a). The vibration 

displacement of the whole device along the axis was amplified noticeably along the 

needle shaft, and the needle shaft functioned like a horn in transducer design, as shown in 

Figure 4-5 (b), in which the normalized displacement is plotted against the position from 

the base of the back mass. 

 

(a) (b) 

Figure 4-5 The (a) mode shape and (b) normalized displacement of the ultrasonic 

needle device at frequency of 22.4 kHz, simulated by ABAQUS 

To investigate the vibration amplitude response with the driving frequency, steady state 

analysis was done along the frequency range from 10 kHz to 50 kHz with a peak-to-peak 

driving voltage of 10 V in ABAQUS. In Figure 4-6, the numerical result showed that the 

maximum vibration amplitude appeared at 22.5 kHz with a value of 4.15 um and another 

vibration amplitude peak appeared at 36.8 kHz with a value of 3.28 um. These two peaks 

in vibration amplitude correspond to the two peaks in the electrical impedance magnitude 

at 22.5 kHz and 36.8 kHz. And these results were also consistent with the results from 

previous modal analysis when resonant frequency for longitudinal mode shape were 

confirmed as 22.4 kHz and 39.0 kHz for the ultrasonic needle device with and without 

needle attached respectively. This indicated that there were two feasible resonant 

frequencies to drive the ultrasonic needle device along the ultrasonic frequency range. 
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Figure 4-6 Electrical impedance magnitude and vibration amplitude response at 

needle tip along the frequency from ABAQUS steady state analysis when a peak-to-

peak voltage of 10 V was applied to the ultrasonic needle device 

4.1.3 Driving system 

Impedance matching is the first step to set up the driving circuit. The piezoelectric 

transducer and device are modelled as an equivalent electric circuit, as shown in Figure 

4-7. This circuit has two parallel branches: one branch contains Rm, Lm and Cm to 

represent the dynamic mechanical response; another branch contains only Ce to represent 

the static electric capacitance. This static electric capacitance induces the phase shift in 

the impedance response for piezoelectric device, which makes the phase at resonance 

nonzero. One role of impedance matching is to cancel out the static capacitance for 

efficient power delivery. 

 

Figure 4-7 Equivalent electric circuit model for piezoelectric transducer and device 

Another role of impedance matching is to transform the resonant impedance of the 

piezoelectric device into 50 Ω, according to maximum power transfer theorem which 

states that the maximum external power is obtained when the resistance of the external 

load equals the internal resistance of source. The impedance matching device used in this 
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study was a custom made transformer which implemented the capacitance cancellation 

and impedance transformation at the same time. 

The basic driving and monitoring circuit was established as shown in Figure 4-8. The ac 

driving signals for the ultrasonic needle device were generated from a waveform 

generator (33220A, Agilent Technologies, Santa Clara, USA) and amplified by a 32dB 

RF Power Amplifier (1020L, Electronics & Innovation, Rochester, NY, USA). A tuned 

transformer was used for impedance matching before the driving signals were fed into the 

piezoelectric device. An oscilloscope (InfiniiVision DSO-X-2004A, Agilent 

Technologies, Santa Clara, USA) was used to monitor the output signals from the signal 

generator and power amplifier in real-time to avoid excessive power application and 

depoling of the piezoelectric material.  

 

Figure 4-8 Basic driving and monitoring circuit 

4.2 System characterisation  

In industry and research, after being prototyped, the ultrasonic devices are always 

expected to be optimized for the targeted application before used in practice. For high 

power actuation and acoustic radiation applications, mode shape and vibration amplitude 

are frequently examined for performance evaluation. In this section, aiming at more 

stable and higher vibration performance of the ultrasonic needle device, four structural 

characterisation methods were conducted, which included vibration characterisation, 

mode shape analysis in numerical simulation, needle analysis on needle length and needle 

transverse dimension, and the pre-stressing analysis in assembly. 
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4.2.1 Vibration characterisation   

Following up the ultrasonic needle device design and driving circuit build-up with 

monitoring, vibration performance characterization was conducted by using laser 

vibrometry on the ultrasonic needle device of B2. The performance characterization was 

carried out by measuring the vibration amplitude when the ultrasonic needle device was 

driven at different voltages and frequencies in air. All the vibration amplitudes were 

measured by a laser vibrometer (OFV-2570 / OFV-534, Polytec Ltd, Herts, UK) with the 

acquired data processed using a PXIe-1082 system (National Instruments, Newbury, UK). 

First, vibration measurements were made at needle tip, collet top and casing top with a 

peak-to-peak driving voltage in the range 0 - 55 V at power amplifier’s output without 

transformer, as shown in Figure 4-9.  

      

(a) (b) 

 Figure 4-9 (a) Laser focus image on needle tip and (b) laser vibrometer 

measurement positions  

B2 was driven at frequency of 21.9 kHz, which was measured with a calibrated 

impedance analyser (HP 4194A Impedance/Gain-Phase Analyser, Agilent Technologies, 

Santa Clara, USA). The comparative results are shown in Figure 4-10 (a). The vibration 

amplitude on needle tip was found to be much larger than the vibration amplitudes on 

collet top and casing top, which indicated two main advantages: the input electric energy 

had been fully utilized to generate the mechanical vibration on needle tip; the elimination 

of vibration on casing from structural design could enhance device manoeuverability in 

practice. 
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(a) (b) 

Figure 4-10 (a) Vibration amplitude measurement on needle tip, collet top and casing 

top at different driving voltages without impedance matching transformer and (b) 

vibration amplitude at needle tip with different driving voltages when the ultrasonic 

device was driven with and without impedance matching transformer (TF) 

Then, the effect of impedance matching transformer usage was investigated. The 

vibration amplitude on needle tip was measured at different peak-to-peak voltages when 

the ultrasonic device was driven with and without impedance matching transformer. In 

Figure 4-10 (b), it was clearly shown that the vibration amplitude on needle tip can be 

increased up to 11 times by employing transformer to match the power amplifier’s output 

impedance and the ultrasonic device’s input impedance as the standard 50 Ω. 

Finally, the vibration amplitude on needle tip was measured over different driving 

frequencies at two peak-to-peak voltages 27.7 V and 12.5 V, with the results shown in 

Figure 4-11. It was identified that the maximum vibration amplitude was achieved when 

the device was driven at 21.9 kHz for both driving voltages, which corresponded to the 

measured resonant frequency of 21.9 kHz by impedance analyser. It was also noticed in 

the plot that the operational bandwidth with high displacement output was wider when 

the driving voltage was applied as 27.7 V.  
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Figure 4-11 Needle tip vibration amplitude at different frequencies when the 

ultrasonic device was driven via an impedance matching transformer at 27.7 Vpp and 

12.5 Vpp 

The results of vibration performance characterization on B2 confirmed the design validity 

of the ultrasonic needle device, verified the results from steady state analysis in numerical 

simulation and proved the effectiveness of the designed driving and monitoring circuit. 

4.2.2 Modal analysis 

Modal analysis was carried out in ABAQUS with the model of B2 at the frequency range 

from 10 kHz to 100 kHz. Three basic mode shapes of the actuated needle were all 

identified as show in Figure 4-12. The resonance frequencies for bending mode, 

longitudinal mode and torsional mode were found to be 14.9 kHz, 23.1 kHz, and 65.8 

kHz respectively. 
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Figure 4-12 Three mode shapes of the actuated needle: bending mode at 14.85 kHz, 

longitudinal mode at 23.1 kHz and torsional mode at 65.79 kHz 

Each of the three different mode shapes has its own individual mechanical characteristics 

for specific applications. The actuation part bends and swings left and right in bending 

mode, and this vibration shape can be used to expand a cleft with an existing cut. In 

longitudinal mode, the actuation part vibrates mainly along only one direction, which 

makes minimum mechanical load to peripheral contacts along the needle shaft. In 

torsional mode, the actuation part rotates about the central axis, which acts like a drill. 

This drilling mechanism frequently induces fast penetration and heat generation. The 

three mode shapes not only can work alone, they can also be combined to work, like 

combining longitudinal and torsional mode to work together. Based on the application 
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needs in minimal intervention procedures, only longitudinal mode was selected and 

designed as the expected vibration mode shape.  

For the electric driving circuit design, clear resonant and anti-resonant peaks are required 

at the resonance of impedance response. Clear resonant peak helps the driving circuit to 

identify the resonant frequency for maximum power output. This requires good design 

with a focus on mode uncoupling in the virtual prototyping. The design for mode 

uncoupling is to make sure that the expected mode shape hasn’t been disturbed or 

distorted by unexpected modes. Successful mode uncoupling should exhibit smooth 

impedance response curve with each resonance separated by at least 5 kHz. The 

successful mode uncoupling was checked with the simulation results from ABAQUS in 

the steady state analysis with a peak-to-peak voltage of 20 V, as shown in Figure 4-13. 

 

Figure 4-13 Impedance response and vibration amplitude at the needle tip for the 

virtual prototyping of B2  

In the simulation results, there were four clear resonant peaks for longitudinal mode 

shape from 10 kHz to 100 kHz plotted in the graph. The first resonant peak was at 22.6 

kHz, and this resonance corresponded to the needle vibration resonance with maximum 

vibration amplitude as 8.74 um. The following three peaks were at 37.6 kHz, 72.2 kHz 

and 97.7 kHz, which corresponded to the 1st, 2nd and 3rd harmonics for transducer. All the 

four resonances exhibited clear peaks with frequency separation above 15 kHz in the 

impedance response. Table 4-4 summarized all the resonant frequencies and vibration 

amplitudes at needle tip. 
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Table 4-4 Resonant frequency and vibration amplitude at needle tip for needle 

resonance and transducer resonance in numerical simulation 

Longitudinal mode 
Needle 

resonance 

Transducer 

1st harmonic 

Transducer 2nd 

harmonic 

Transducer 3rd 

harmonic 

Resonant frequency (kHz) 22.6 37.6 72.2 97.7 

Needle tip vibration (um) 8.74 3.33 0.99 0.28 

4.2.3 Needle analysis 

The ultrasonic needle device was composed of two main parts: the ultrasonic transducer 

and the standard needle. The design of ultrasonic transducer was based on the sandwich 

structure of Langevin ultrasound transducer. The transducer’s vibration performance was 

mainly determined by the selected piezoelectric material and the designed geometrical 

structure, which was fixed once the fabrication was finished. The standard medical needle 

varied with different lengths and different transverse dimensions in practice for different 

medical applications. This subsection will discuss the effect of different needle lengths, 

and the effect of different needle transverse dimensions, with the ultrasonic device of B2. 

 Resonance matching between the transducer and the standard needle 

The resonant frequency of a free needle could be analytically expressed as: 

𝑓𝑛 =
(𝑛 + 1)√

𝐸
𝜌

2𝐿
,   𝑛 = 0, 1, 2 … 

(4-1) 

Where E is the Young’s modulus of the needle, ρ is the density of the needle, L is the 

length of the needle and n is the harmonic mode number of the vibration excitation. This 

relationship between resonant frequency and needle length was verified through 

numerical simulation in ABAQUS, shown in Figure 4-14 (a). 
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(a) (b) 

Figure 4-14 (a) The relationship between resonant frequency and needle length from 

numerical simulation and (b) impedance spectrum of the ultrasonic transducer when 

it’s free and attached with a 5 cm needle, measured by impedance analyser  

The ultrasonic transducer and the standard needle have their own resonant frequency at 

free condition. When they were assembled together, their resonant responses combine 

which can be demonstrated in electrical spectrum, as measured by impedance analyser 

and shown in Figure 4-14 (b). The blue curve represented the electrical impedance 

magnitude of the ultrasonic transducer without needle, while the red curve represented 

the situation with a 5 cm needle attached. 

To investigate the effect of different needle lengths on the vibration performance, three 

G22 needles with length of 3 cm, 5 cm and 7 cm were attached on the transducer when 

the electrical impedances were measured by the impedance analyser and vibration 

amplitudes were measured by the laser virobmeter in air, as shown in Figure 4-15. The 

vibration amplitude of 5 cm needle was 6.8 um at needle’s resonant frequency of  21.9 

kHz, and it’s higher than the other two needles (1.7 um at 37.3 kHz for 3 cm needle and 

2.1 um at 16.4 kHz for 7 cm needle), when the needle transducer was driven by a peak-

to-peak voltage of 28 V. 
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(a) (b) 

Figure 4-15 (a) Impedance spectrum measured by impedance analyser and (b) 

vibration amplitude at needle tip scanned by laser vibrometer when the transducer 

was connected to 3 cm, 5 cm and 7 cm needles 

The higher performance with the 5 cm needle could be explained through the small 

difference in frequency between the transducer and the needle, which implied that 

matching the resonance between the two parts played an important role for high vibration 

amplitude output. 

 Needle’s transversal dimension effect 

Apart from the needle’s length, different needle transversal dimensions were also 

examined for better vibration performance. Three geometrical configurations were 

adopted for numerical simulation and force reduction experiments: G20 hollow, G22 

solid and G22 hollow, all with the same length of 5 cm. G20/G22 indicate the inner and 

outer diameters of the needle (G20: OD 0.9081 mm, ID 0.603 mm; G22: OD 0.7176 mm, 

ID 0.413 mm); hollow/solid indicate whether the needle is hollow or solid in the centre, 

as shown in Figure 4-16. 

 

Figure 4-16 G20 hollow, G22 solid and G22 hollow needles with the same length of 

5 cm 
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Numerical steady state analyses were conducted in ABAQUS around the needle’s 

resonant frequency of 22 kHz with a 0.1 N load on the needle’s bevelled leading surface 

with a driving voltage Vpp = 55 V. The computational results indicating peak vibration 

amplitude against frequency for the three configurations were 11.7 um for G20 hollow, 

11.3 um for G22 solid and 7.6 um for G22 hollow, as shown in Figure 4-17 (a). Actual 

vibration amplitude responses along frequency under the same driving condition were 

measured by laser vibrometer in air, as 10.6 um for G20 hollow, 8.6 um for G22 solid and 

7.1 um for G22 hollow, shown in Figure 4-17 (b). 

 

(a) (b) 

Figure 4-17 Vibration amplitude response along frequency from (a) numerical steady 

state analysis and (b) measurement by laser vibrometer in air when a driving voltage 

Vpp = 55 V was applied 

To assess the effects of the three different configurations practically, experimental trials 

were done with the needle inserted into a 6% gelatin phantom at a rate of 1 mm/s to a 

depth of 30 mm, as shown in Figure 4-18 (a). Static penetration force was measured and 

recorded by an extensometer (H5KS, Tinius Olsen, Surrey, UK). Comparisons were 

made when the needle transducer was driven without ultrasound actuation (nonus) and 

with a peak-to-peak voltage of 55 V (us) at 22 kHz, as shown in Figure 4-18 (b-d). Each 

measurement was repeated three times, identifying the static force reduction percentages 

as 70.2%, 46.1% and 32.3% for G20 hollow, G22 solid and G22 hollow needles 

respectively. 
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Figure 4-18 (a) Experimental trials with the needle inserted into a gelatin phantom 

with three different transversal dimensions: (b) G20 hollow, (c) G22 solid and (d) 

G22 hollow, without/with ultrasound actuation 

Table 4-5 Correlation between the simulated vibration amplitudes, actual vibration 

amplitudes and force reduction percentages with different needles when the 

transducer was driven at a peak-to-peak voltage of 55 V 

Needle type Simulated vibration 

amplitude 

Actual vibration 

amplitude 

Force reduction 

percentage 

G20 hollow 11.7 um 10.6 um 70.2% 

G22 solid 11.3 um 8.6 um 46.1% 

G22 hollow 7.6 um 7.1 um 32.3% 

From the result of force reduction experiments, it could be seen that the force reduction 

varied with different types of needles, and the force reduction percentage correlated with 
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the vibration amplitude from numerical analyses and actual measurement. The exhibited 

correlation, concerning the vibration amplitude versus percentage reduction in the needle 

insertion experiments, is shown in Table 4-5. 

4.2.4 Pre-stress effect in assembly 

The ultrasonic needle device was assembled with a bolt. During the assembly, the bolt 

was used to connect the front mass and the back bass by applying a compressive force to 

the whole transducer. This compressive force also applied the compressive stress to the 

used piezoelectric rings. The applied compressive stress helps to eliminate the tensile 

stress in the piezoelectric rings when the driving voltage is applied, because the tensile 

safe limit is 5% to 10% of the compressive safe limit for the piezoelectric ceramic 

material in operation.  

The effect of pre-stressing during assembly was investigated with the ultrasonic needle 

device of Generation II with two piezoelectric rings, which was named as T2. The 

applied compressive stresses started from 5 MPa to 55 MPa with an interval of 5 MPa. 

The applied compressive stress was confirmed by monitoring the generated static voltage 

across a capacitor, which was connected to the piezoelectric transducer in parallel. The 

relationship between the monitored voltage and the expected stress was expressed as the 

equation below: 

𝑉 =
𝑇 ∙ (𝑔33 ∙ 휀𝑇

33 ∙ 𝑛 ∙ 𝐴)

𝐶
 (4-2) 

Where the V is the generated voltage, T is the expected stress, g33 is the piezoelectric 

charge constant along z axis, εT
33 is the dielectric permittivity along z axis, n is the 

number of rings, A is the ring cross sectional area and C is the capacitance of the shunt 

capacitor. 

Impedance response was measured from 10 kHz to 100 kHz with impedance analyser 

when different compressive stresses were applied. The variation of impedance magnitude 

and phase were plotted in Figure 4-19. 
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Figure 4-19 Variations of (a) impedance magnitude and (b) phase when different pre-

stressing compressive stress was applied along the frequency range from 10 kHz to 

100 kHz 

Comparisons were made on resonant frequency (fr), impedance magnitude at resonant 

frequency (Zr), mechanical quality factor (Qm), dielectric loss (tanδe) and effective 

efficiency coefficient (keff) when the compressive stress was applied as 5 MPa and 55 

MPa, as shown in Table 4-6. From 5 MPa to 55 MPa, the resonant frequency shifted from 

41.1 kHz to 69.6 kHz, the impedance at resonant frequency decreased from 3488 Ω to 

368 Ω, the mechanical quality factor increased from 28 to 24, the dielectric loss 

decreased from 0.0069 to 0.0046 and the effective efficiency coefficient increased from 

0.25 to 0.27. 

The impedance decrease would lead to higher current at the same voltage, which means 

larger vibration amplitude. The mechanical quality factor increase and the dielectric loss 

decrease indicated less thermal generation from mechanical vibration and current leakage. 

The increase of effective efficiency coefficient indicated input energy had been utilized 

more efficiently. 
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Table 4-6 Comparison of key parameters on performance when the compressive 

stress was applied as 5 MPa and 55 MPa 

 5 MPa 55 MPa 

fr (Hz) 41050 69625 

Zr (Ohm) 3488 368 

Qm 28 84 

tanδe 0.0069 0.0046 

keff 0.25 0.27 

4.3 Driving optimization for high power performance 

System characterisation on the structure was performed from the intrinsic side. From the 

extrinsic side, the ultrasonic needle device was subject to different loading conditions. 

The external mechanical load conditions affected the resonant frequency, the impedance 

magnitude and phase at the resonant frequency in the impedance spectrum. The change of 

resonance and impedance could affect the input driving power and cause deterioration in 

the needle’s vibration performance. In this section, with the ultrasonic needle device 

model of B2, the effect of load condition on the vibration performance was tested, an 

analogy between the mechanical model and the electric model in the ultrasonic device 

was analysed, an adaptive driving system was presented and the effectiveness of the 

optimized driving method was verified through force reduction experiment and laser 

vibrometer measurements. 

4.3.1 Load condition effect 

The load condition effect on the vibration performance was tested by measuring the 

needle tip vibration amplitude using a laser vibrometer when the needle inserted through 

a 6% gelatin phantom at different depths from 0 mm to 40 mm and the ultrasonic needle 

device was driven at a peak-to-peak voltage between 0 V to 50 V at needle’s resonant 
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frequency of 22 kHz with transformer used for impedance matching, as shown in Figure 

4-20 (a). 

     

(a) (b) 

Figure 4-20 (a) Needle tip scanned by laser vibrometer when the needle was inserted 

through the gelatin phantom and (b) the measured vibration amplitude when the 

ultrasonic needle device was driven at different peak-to-peak voltages of 50 V, 40 V, 

30 V, 20 V and 10 V with respective decrease percentage of vibration amplitude 

In Figure 4-20 (b), it’s noticeable that the vibration amplitude reduced continuously with 

the increased insertion depth for all the driving voltages and the reduction percentage of 

vibration amplitude along the insertion depth was larger when the ultrasonic needle 

device was driven at a higher voltage. This implied that vibration performance 

deteriorated more with the load condition for high power applications than in lower 

driving levels. 

4.3.2 Mechanical and electric analogy 

The mechanical model for ultrasonic vibration system was established previously by 

Fabijanski (Fabijanski and Lagoda, 2011), as shown in Figure 4.22 (a). The mechanical 

model consisted of three components: a mass M, a damper with friction coefficient of R 

and a spring with mechanical sensitivity of K. The external force fZ were expressed as the 

combination of three components: the force of inertial fM, the force of friction fR and the 

force of elasticity fK. The external force fZ could also be expressed against the 

displacement x and the velocity v. If the external force was set as a sinusoid function with 

amplitude of FZM, the whole expression against velocity could be transformed into 

Fourier domain and the equivalent mechanical impedance Zmech could be expressed as a 

function of R, M and K in the frequency domain. The whole deduction process was 

shown in Figure 4-21 (a). 
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Figure 4-21 The analogy between the (a) mechanical and (b) electric model in 

ultrasonic vibration system 

Similar to the mechanical model, an electric model of RLC serial branch could be used to 

express the same deduction, as shown in Figure 4-21 (b). The serial branch consisted of 

three components: the resistance R, the inductor L and the capacitor C. If the current I 

flow across the branch, the overall voltage U summed up by the contribution from three 

components: the voltage across the resistor UR, the voltage across the inductor UL and the 

voltage cross the capacitor UC. The overall voltage U could be expressed a function of R, 

L, C and I in the time domain. If the overall voltage U was set as a sinusoid function with 

amplitude of UM, the whole expressed could be transformed into Fourier domain and the 

electric complex impedance could be expressed out as a function of R, L, C and I. The 

whole deduction was shown in Figure 4-21 (b). 

Interesting analogies could be identified when comparing the physical variables in 

between the mechanical model and the electric model. All the analogies on physical 

variables were summarized in Table 4-7. This analogy linked the mechanical 

performance with the electric response, which was useful to analyse the electro-

mechanical system, such as the designed ultrasonic needle device in this study. An 

important indication from Table 4-7 was the mechanical vibration associated with the 

driving current and the actuation force associated with the driving voltage. 
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Table 4-7 The analogy between mechanical and electric representation 

Mechanical representation Electric representation 

Mass (M) Inductance (L) 

Friction (R) Resistance (R) 

Compliance (K) Capacitance (C) 

Force (F) Voltage (V) 

Velocity (v) Current (I) 

Displacement (x) Charge (Q) 

Impedance (Z) Impedance (Z) 

4.3.3 Adaptive driving system 

Based on the analysis on the mechanical model and electric model, one adaptive driving 

system was proposed to tackle two problems during the practical use: one problem was 

the resonance frequency shift; another problem was the impedance change upon load 

condition. In the designed system, one adaptive driving function was resonance tracking, 

which measured the resonant frequency shift and tuned the driving frequency in real-time 

to catch up with the shift; another adaptive driving function was vibration stabilisation, 

which measured the impedance change and tuned the driving voltage in real-time so as to 

maintain a stable driving voltage or current.  

The functions of resonance tracking and vibration stabilisation for adaptive driving were 

implemented within NI LabVIEW environment (National Instruments, Newbury, UK). 

The system function diagram for the ultrasonic needle device was shown in Figure 4-22. 
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Figure 4-22 Adaptive driving system with resonance tracking and vibration 

stabilisation 

The driving system started with the measurements of voltage, current and impedance. 

This was realized with a 10:1 passive voltage probe (N2862B, Agilent Technologies, 

Santa Clara, USA), a current probe (P6021A, Tektronix, Plano, USA) and a PXIe-1082 

system (National Instruments, Newbury, UK). After this measurement, the resonant 

frequency shift and the impedance change in both magnitude and phase could be 

calculated out. 

The functions of resonance tracking and vibration were realized by three adaptive control 

modules: phase zero, voltage constant and current constant. All the three control modules 

were implemented in the PXIe system based on the PID (proportional-integral-derivative) 

control mechanism, as shown in Table 4-8. 

The resonance tracking function was realized in the phase zero module, in which the error 

of phase ∆ θ(n) was used to adjust the driving frequency f(n)  towards the resonant 

frequency. The frequency adjustment ∆f(n) was derived from three terms: the 

proportional term kp*∆ θ(n), the integral  term ki*Σ∆ θ(n) and the derivative term 

kd*[∆θ(n)-∆θ(n-1)]. The three coefficients of kp, ki and kd determined the adaptive 

control performance for resonance tracking. 

The vibration stabilisation function was realized in the voltage constant and current 

constant modules. In the voltage constant module, the error of voltage ∆V(n) was used to 

adjust the driving voltage V(n) towards the expected driving voltage. The voltage 

adjustment ∆Vv(n) was derived from three terms: the proportional term kpv*∆V(n), the 

integral term kiv*Σ∆V(n) and the derivative term kdv*[∆V(n)-∆V(n-1)]. The three 

coefficients of kpv, kiv and kdv determined the adaptive control performance for a stable 

voltage output.  



 

105 
 

Ultrasound Needle Device Characterisation 

In the current constant module, the error of current ∆I(n) was used to adjust the driving 

voltage V(n)so as to achieve the expected driving current. The voltage adjustment ∆Vi(n) 

was derived from three terms: the proportional term kpi*∆I(n) *|Z|, the integral term 

kii*Σ∆I(n) *|Z| and the derivative term kdi*[∆I(n)-∆I(n-1)] *|Z|. The three coefficients of 

kpi, kii and kdi determined the adaptive control performance for a stable current output.  

Detailed equations for all the three modules in adaptive function implementation are in 

Equation (4-3 a-f), as shown below: 

Table 4-8 PID control mechanism for resonance tracking and vibration stabilisation 

Mode Control mechanism  

Phase  

Zero 

f(n)=f(n-1)+∆f(n) (4-3a) 

∆f(n)=kp*∆ θ(n)+ki*Σ∆ θ(n)+kd*[∆θ(n)-∆θ(n-1)] (4-4b) 

Voltage 

Constant 

V(n)=V(n-1) +∆Vv(n) (4-4c) 

∆Vv(n)=kpv*∆V(n)+kiv*Σ∆V(n)+kdv*[∆V(n)-∆V(n-1)] (4-4d) 

Current 

Constant 

V(n)=V(n-1) +∆Vi(n) (4-4e) 

∆Vi(n)={kpi*∆I(n)+kii*Σ∆I(n)+kdi*[∆I(n)-∆I(n-1)]}*|Z| (4-4f) 

4.3.4 Function verification with mechanical test 

To confirm the effectiveness of the driving optimization method, a needle insertion 

experiment into phantom was set up with the device model of B2, as shown in Figure 

4-23. In testing, 6% gelatin phantom was used as the tissue mimicking material. A 

standard G22 hollow needle was attached to the needle device at the front mass. The 

static insertion force was measured with a 10 N load cell by an extensometer (H5KS, 

Tinius Olsen, Surrey, UK). The insertion speed was set as 1 mm/s for an insertion depth 

of 40 mm. Transformer was used for the impedance matching. The ultrasonic needle 

device was driven at its transducer’s resonance of 25.2 kHz. 
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Figure 4-23 Insertion experiment into a gelatine phantom with the ultrasonic needle 

device B2 

The whole driving system consisted of signal generator, power amplifier and PXIe 

system. Comparison was made between four different driving conditions: 

 nonus: no ultrasound actuation was applied with driving voltage as Vpp = 0 V; 

 us: ultrasound actuation was applied without resonance tracking and vibration 

stabilisation at a voltage Vpp = 50 V; 

 voltage control: ultrasound actuation was applied with resonance tracking and 

voltage constant module with a target voltage Vpp = 18 V; 

 current control: ultrasound actuation was applied with resonance tracking and 

current constant module with a target current Ipp = 0.4 A; 

 

Figure 4-24 Static penetration force responses when the ultrasonic needle device was 

driven under four different conditions: nonus, us, voltage control and current control 

The static penetration force responses along the insertion depth were shown in Figure 

4-24. It’s noticed that penetration force in all three actuation conditions (us, voltage 

control and current control) was reduced compared with the force response in the nonus 
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mode. By comparing the penetration force at the depth of 40 mm, the results 

demonstrated a force reduction of 45.2% in us mode, 56.7% in voltage control mode and 

73.7% in current mode respectively, as shown in Table 4-9. 

Table 4-9 Comparison on penetration force at 40 mm and the reduction percentage 

 nonus us voltage control current control 

Penetration force at 40 mm 0.46 N 0.25 N 0.20 N 0.12 N 

Reduction percentage  45.2% 56.7% 73.7% 

The working conditions of the driving system were especially monitored when the 

ultrasonic needle device was driven under voltage control mode and current control mode. 

The key parameters under monitor were voltage, current, impedance magnitude, 

impedance phase and frequency, which were useful to confirm the effectiveness of the 

implemented adaptive control mechanisms. 

The temporal responses for these parameters under voltage control, during needle 

penetration, were shown in Figure 4-25. It could be seen that during the whole driving 

duration, the driving voltage was kept as a constant with the amplitude of 9 V; the 

impedance phase was kept as zero by adaptive frequency adjustment to ensure the device 

was always working at its resonance; the driving current decreased because of the 

impedance magnitude increase under the constant driving voltage. The temporal 

responses of the impedance phase and the driving voltage directly verified the designed 

functions of resonance tracking and vibration stabilisation with a constant voltage. 
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Figure 4-25 The key parameters under monitor under voltage control mode 
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Figure 4-26 The key parameters under monitor under current control mode 

The temporal responses of voltage, current, impedance magnitude, impedance phase and 

frequency under current control, during needle penetration, were shown in Figure 4-26. It 
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could be seen that during the whole driving duration, the driving current was kept as a 

constant with the amplitude of 0.2 A; the impedance phase was kept as zero by adaptive 

frequency adjustment to ensure the device was always working at its resonance; the 

driving voltage increased because of the impedance magnitude increase under the 

constant driving current. The temporal responses of the impedance phase and the driving 

current directly verified the designed functions of resonance tracking and vibration 

stabilisation with a constant current. 

Furthermore, to investigate the reason why the force reduction percentage was found to 

be higher under the current control mode, the vibration amplitude on needle tip was 

scanned when the needle was inserted through the gelatin phantom with different depths 

of 1 cm, 2 cm, 3 cm and 4 cm and when the ultrasonic needle device was driven under 

different modes, as shown in Figure 4-27. This experiment was designed to mimic the 

situation of needle insertion experiment as shown in Figure 4-23, with an extra ability to 

measure the vibration amplitude practically.  

 

(a) (b) 

Figure 4-27 (a) gelain phantom with different depths and (b) vibration displacement 

scanning setup with laser vibrometer 

The needle tip vibration amplitudes under different driving modes were shown in Figure 

4-28. Under current control mode, the vibration amplitude was kept as a constant around 

10.2 um with the constant driving current along the different insertion depths, which 

confirmed the association between the mechanical velocity and the electric current if the 

driving frequency didn’t change much. Under voltage control mode, vibration amplitude 

decreased from 10 um to 7.3 um when the insertion depth changed from 0 mm to 40 mm. 

Under us mode, vibration amplitude decreased from 6.95 um to 5.05 um when the 

insertion depth increased from 0 mm to 40 mm. The vibration amplitude at 0 mm 

insertion depth under us mode was 6.95 um, which was obviously lower than the value of 
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10 um for voltage control mode. This could be caused by the initial resonance frequency 

shift, which meant that the needle device wasn’t driven at its resonance even at the 

beginning with insertion depth of 0 mm. 

 

Figure 4-28 The vibration amplitudes on needle tip when the needle was inserted 

through gelatin phantom at different depths and when the device was driven at 

different modes 

4.4 Summary 

In this chapter, the design of ultrasonic needle device was introduced, with functional 

characterisation of the whole system and driving optimisation for high power output.  

Firstly, the ultrasonic needle device was designed based on the sandwich structure. 

Aluminium alloy 7075 was used for front mass and collet because of its high fatigue 

strength, stainless steel was selected for back mass based on its high density and 

resistance to corrosion, PZT-4 was chosen for the piezoelectric rings because of its high 

resistance to depolarization, high Curie temperature and low dielectric losses. Numerical 

analyses were conducted in ABAQUS to confirm the expected mode shape and resonant 

frequency. A basic driving and monitoring circuit was set up with signal generator, RF 

power amplifier, oscilloscope and transformer.  

Secondly, from the intrinsic side, system characterisation was carried out. Vibration 

performance was characterized at different driving voltages and frequencies for the 

maximum vibration amplitude. Mode shape design and uncoupling were analysed and 

discussed with the results from numerical steady state simulations. The resonant 

frequency of a free needle was analytically expressed, and the effect of resonance 
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matching between the transducer and the standard needle was demonstrated with the 

vibration amplitudes of needles with different lengths. Needle’s transversal dimension 

effect was exhibited from G20 hollow, G22 solid and G22 hollow needles with force 

reduction experiment. The effect of assembly pre-stressing was analysed with higher 

mechanical factor and lower dielectric loss when higher proper compressive stress was 

applied. 

Thirdly, from the extrinsic side, driving optimization was implemented for better 

vibration performance. Load condition effect was examined to identify the deteriorated 

vibration performance. The analogy between the mechanical model and the electric 

model was fully explained. The adaptive driving system was proposed to implement two 

functions of resonance tracking and vibration stabilisation to maintain the high power 

performance in practice. Four driving conditions of nonus, us, voltage control, and 

current control were tested to confirm the effectiveness of the adaptive driving system. 

The working condition of driving system were demonstrated and explained for voltage 

control and current control modes. Vibration amplitude characterization at different 

insertion depths confirmed the association between the vibration amplitude and the 

driving current. 

To conclude with the implemented system characterisation and optimised driving method, 

the optimized ultrasonic needle device represents a good design for high power 

piezoelectric application; the adaptive driving system helps to operate this needle device 

over a wide range of conditions for diverse applications. 
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Chapter 5 Needle-tissue Interaction with Ultrasound Actuation 

Better understanding of the interaction between the tissue and the ultrasound-actuated 

standard needle can facilitate improvements in the medical operation with benefits for 

both for practitioners and patients. Aiming at investigating the needle-tissue interaction 

with ultrasound actuation, one forward question and one backward question were 

proposed for the investigation on interaction mechanism: 

 Forward question: what beneficial effects can be achieved when power is applied 

into the ultrasonic device with a standard needle? 

 Backward question: what feedback information can be acquired during needle 

insertion to facilitate the procedure when the working conditions of the ultrasonic 

device are monitored in real-time?  

For the forward question, the advantages of penetration force reduction, needle deflection 

reduction and mechanical damage reduction from ultrasound actuation were examined 

with the confirmative tests on gelatin phantom, ex vivo porcine tissue and Thiel-

embalmed cadaver. The fundamental force reduction mechanism was investigated with 

theoretical analysis, experimental verification and numerical simulation in this chapter. 

For the backward question, the function of ultrasonic perception is proposed to monitor 

the loading conditions during the needle insertion. The working principle is explained 

with variations on the ultrasonic needle device’s electrical impedance spectrum by 

different loading conditions. The perception function was verified with experimental tests 

on arrange of tissue mimicking multi-layer phantoms. 

This chapter is arranged with three main parts, as below: 

 Ultrasound actuation effects on penetration force, needle deflection and 

mechanical damage; 

 Investigation of force reduction mechanism;  

 Ultrasonic perception; 
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5.1 Ultrasound actuation effects  

After the design and fabrication, the ultrasonic needle device was planned to be tested for 

interaction examination. The in-house tests were planned on the targets of gelatin 

phantom, ex vivo porcine tissue and Thiel-embalmed cadaver. Each test was repeated at 

least three times to confirm the reliability of the results. Correlation analysis was 

conducted at the end of this section to demonstrate the close relationship between the 

ultrasound actuation and reduction effect on penetration force, needle deflection and 

mechanical damage. All the tests were conducted with the device model of B2. 

5.1.1 Penetration force 

Needle insertion experiments were first carried out on 6% tissue-mimicking gelatin 

phantom and ex vivo porcine tissue with G22 hollow needle. Before each experiment, the 

phantom and porcine tissue were placed at ambient room temperature of 20 °C, and the 

ultrasonic needle device was positioned vertically with need tip at 2 mm above the target 

surface. The insertion speed was set at 50 mm/min up to a final depth of 50 mm. For the 

ultrasound actuation, the device was driven at its resonant frequency of 21.9 kHz with the 

peak-to-peak voltage from 0 V to 55 V at power amplifier’s output. The basic driving 

circuit was used without resonance tracking and vibration stabilisation. The static 

penetration force was measured by an extensometer (H5KS, Tinius Olsen, Surrey, UK) 

with a 10 N load cell, as shown in Figure 5-1. 

    

(a) (b) 

Figure 5-1 Needle insertion experiment into (a) gelatin phantom and (b) ex vivo 

porcine tissue with the ultrasonic device 

The experiment was first done with gelatin phantom, when the ultrasonic device was 

driven with five peak-to-peak voltages of 0 V, 12.5 V, 27.7 V, 42 V and 55 V. The 

corresponding five force response curves along the insertion depth are shown in Figure 
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5-2 (a). Each curve has a characteristic initial peak followed by a gradual increase in the 

period. The peak was induced by needle’s penetration through the phantom’s surface; the 

following gradual increase was caused mainly by the increase of insertion depth and the 

deflection of bevel-tipped needle. The overall tendency was exhibited as static 

penetration force decreased when the driving voltage was increased. 

  

(a) (b) 

Figure 5-2 (a) Force responses when needle was inserted into gelatin phantom with 

five driving voltages and (b) force response with gelatin phantom when the 

ultrasonic device was driven with peak-to-peak voltages of 0 V and 55 V, and 

switched between the two states within insertion procedures 

The switched procedure with gelatin phantom was then tried by switching between two 

states when the ultrasonic device was driven with voltages of 0 V and 55 V alternately.  

Force responses for the switched procedure are plotted in Figure 5-2 (b); ultrasound 

actuations were turned on at depth of 15 mm and 30 mm for 10 mm each. It was 

noticeable that the ultrasound actuation reduced the penetration force immediately when 

it was switched on and the penetration force returned to the previous level when the 

ultrasound actuation was switched off. Another close inspection of the initial peaks 

demonstrated that both force and depth were reduced for surface penetration with the 

ultrasound actuation, as the blue and red curves showed in Figure 5-2 (b). 

The insertion experiment was then conducted with ex vivo porcine tissue. Due to the 

inhomogeneity of ex vivo tissue, the penetration force response was characteristic of a 

saw tooth shape along the insertion depth, as shown in Figure 5-3 (a). The peaks in force 

response probably represented the force needed to puncture through different tissue layers. 

The irregular shape of force response made it hard to compare the force responses under 
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different driving voltages. Therefore, the area coverage underneath the force curve was 

utilized as the alternative measure which could be interpreted as the total work needed to 

be done to reach a given depth. Smaller penetration force and penetration depth were 

found to puncture through the porcine skin surface in the initial insertion period when the 

voltage of 55 V was applied for ultrasound actuation of the needle, as shown in Figure 

5-3 (b). 

  

(a) (b) 

Figure 5-3 (a) Static force response along insertion depth when the needle was 

inserted into ex vivo porcine tissue and (b) the force responses to penetrate the 

porcine skin surface when the voltages of 0 V and 55 V were applied 

The maximum force at the depth of 50 mm in the case of gelatin phantom and the net 

work to reach the depth of 50 mm in the case of ex vivo porcine tissue, were adopted to 

investigate penetration force reduction effect with different driving voltages. In order to 

confirm the experimental results’ reliability, measurements on the maximum force and 

the net work were repeated eight times in adjacent position on the phantom and porcine 

tissue for each peak-to-peak voltage: 0 V, 12.5 V, 27.7 V, 42 V and 55 V. 

 

(a) (b) 

Figure 5-4 (a) Maximum  force at different driving voltages at eight repeated times 

and (b) maximum force reduction percentage when compared with the driving 

voltage of 0 V in the case of gelatin phantom 



 

117 
 

Needle-tissue Interaction with Ultrasound Actuation 

As shown in Figure 5-4 (a) and Figure 5-5 (a), the maximum force into gelatin phantom 

and the net work into porcine tissue continuously decreased as the driving voltage 

increased from 0 V to 55 V. The reduction percentages of the maximum force and the net 

work at each driving voltage were calculated against the voltage of 0 V and were plotted 

in Figure 5-4 (b) and Figure 5-5 (b), by using the mean value of the eight repeated times 

for each measurement. The reduction percentages increased consistently when the driving 

voltages were increased in both measurements with gelatin phantom and ex vivo porcine 

tissue.  

The average of maximum force was reduced by 34.5%, comparing the maximum forces 

at driving voltages of 0 V (0.4129 N) and at 55 V (0.2704 N). The average of net work 

was reduced by 27.4%, from the work done at 0 V (41.0 mJ) to 55 V (29.8 mJ). 

 

(a) (b) 

Figure 5-5 (a) Net work at different driving voltages at eight repeated times and (b) 

net work reduction percentage when compared with the driving voltage of 0 V in the 

case of ex vivo porcine tissue 

To examine the medical usefulness of the penetration force reduction effect, a verification 

experiment was set up on the Thiel-embalmed cadaver model, as shown in Figure 5-6. 

The device model of B2 was used with G20 hollow needle for better vibration 

performance. A 100 N load cell (DBBSM 100 N, Applied Measurements, Berkshire, UK) 

was used to measure the static force response. The load cell was connected to a NI 

compact DAQ system (cDAQ-9174, National Instruments, Newbury, UK) and a 

universal analogue module (NI 9219, National Instruments, Newbury, UK) for force data. 

The ultrasonic device and the load cell were mounted on a motorized stage.  
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Figure 5-6 Insertion experiment setup with Thiel-embalmed cadaver 

The motorized stage consisted of two motorized translation stages (MTS 50-Z8, Thorlabs, 

Ely, UK) and one manual continuous rotation mount (CR1/M, Thorlabs, Ely, UK), as 

shown in Figure 5-7. This arrangement provided two translation degrees of freedom 

(DOF) and one rotation DOF. The manual rotation DOF helped to adjust the angle for 

needle insertion. 

 

Figure 5-7 The motorized stage with two motorized translation stages and one 

continuous rotation mount 

The insertion speed was set as 60 mm/min up to a depth of 40 mm. The device was 

driven at its resonant frequency of 21.9 kHz. The basic driving circuit was used without 

resonance tracking and vibration stabilisation. The experiment setup was built up in the 

local laboratory and then transported to the local anatomy school: the Centre for Anatomy 

and Human Identification (CAHID), University of Dundee, Scotland. The work was 

conducted in accordance with Scottish statutory requirements and with Standard 

Operating Procedures of the CAHID and the University of Dundee. 

The insertion procedure was conducted at the femoral region to mimic the anaesthesia 

procedure for femoral nerve. Comparison was made on force response when the 

ultrasonic needle device was driven at peak-to-peak voltages 0 V (Non US) and 55 V 
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(US), when the insertion experiment was repeated three times. The penetration force was 

found to be significantly reduced with ultrasound actuation along the insertion depth of 

40 mm, as shown in Figure 5-8. The force peaks represented the penetration of the skin 

surface of Thiel-embalmed cadaver, which was confirmed by experimental observation in 

the insertion process.  

 

Figure 5-8 Force responses of insertion experiment repeated for three times on Thiel-

embalmed cadaver when the ultrasonic needle device was driven at 0 V and 55 V 

The reduction of penetration force and penetration depth with ultrasound actuation was 

confirmed again by the force response from Thiel-embalmed cadaver, which was shown 

in Figure 5-8. This observation was consistent with the results from gelatin phantom and 

ex vivo porcine tissue as shown in Figure 5-2 (b) and Figure 5-3 (b) respectively. 

 

(a) (b) 

Figure 5-9 (a) Peak force and (b) work dissipation at three repeated times for 

insertion experiment on Thiel-embalmed cadaver when the driving voltages of 0 V 

(Non US) and 55 V (US) were applied   
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Table 5-1 Reduction of peak force and work dissipation for insertion experiment on 

Thiel-embalmed cadaver when ultrasound actuation was applied 

 Peak force (N) Work (mJ) 

 Non US US Non US US 

Mean  8.32 2.46 90.59 28.02 

Standard deviation 0.77 0.45 14.90 2.56 

Reduction percentage  70.5%  69.1% 

The reduction effect on peak force and work dissipation is shown in error bar plot of 

Figure 5-9 and Table 5-1. The peak force was reduced from 8.32 N to 2.46 N by 70.5 % 

and the work dissipation was reduced from 90.59 mJ to 28.02 mJ by 69.1% when the 

driving voltage was applied as 55 V. 

The insertion experimental results revealed maximum force reduction of 34.5% on 

gelatin phantom, net work reduction of 27.4% on ex vivo porcine tissue and peak force 

reduction of 70.5% on Thiel-embalmed cadaver when ultrasound actuation was applied. 

Compared the driving conditions of 0 V and 55 V, penetration force and penetration 

depth were confirmed to be reduced to puncture through the surface for all three cases. 

5.1.2 Needle deflection 

Needle deflection happens because of the asymmetric force applied on the needle tip, 

when the bevelled standard needle is used for insertion procedures. The needle deflection 

was found to be associated with needle’s stiffness, needle’s dimensions, bevel angle and 

spatially distributed force, when it was modelled and analysed as a cantilever beam 

(Abolhassani and Patel, 2006). This needle deflection could affect the targeting accuracy 

if no proper manipulation was considered in the planning. 

Needle deflection was closely linked with the applied force on needle tip. Based on the 

achieved penetration force reduction with ultrasound actuation, the effect on needle 
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deflection from ultrasound actuation was tested. Deflection measurements were 

conducted with 6% gelatin phantom when different driving voltages were applied to the 

ultrasonic device of B2 and G22 hollow needle. For the ultrasound actuation, the device 

was driven at its resonant frequency of 21.9 kHz with the peak-to-peak voltage from 0 V 

to 55 V at power amplifier’s output. The basic driving circuit was used without resonance 

tracking and vibration stabilisation. 

A transparent gelatin phantom was prepared and placed in a transparent acrylic container. 

At the back of the transparent container was attached a grid of dots, which was 12 cm by 

13 cm with grid size as 1 cm by 0.5 cm. Images were recorded by digital camera when 

the standard needle was inserted to a maximum depth of 50 mm with a speed of 50 

mm/min, as show in Figure 5-10. This arrangement allowed deflection to be measured 

through the aid of a digital caliper with precision of 0.01 mm. Camera observation angle 

was checked each time to be perpendicular to container’s front surface and in line with 

the needle’s symmetry axis so as to guarantee the measurement accuracy on deflection. 

 

(a) (b) 

Figure 5-10 (a) Transparent gelatin phantom placed in transparent acrylic container 

and (b) a grid of dots 

Visual difference in deflection was shown in Figure 5-11, when the ultrasonic device was 

driven by peak-to-peak driving voltages of 0 V and 55 V respectively. As these two 

images showed, the deflection angle was decreased when the driving voltage increased 

from 0 V to 55 V. 
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(a) (b) 

Figure 5-11 Deflection of a standard bevelled needle at peak-to-peak driving voltages 

of (a) 0 V and (b) 55 V 

In order to make quantitative assessment, maximum deflection was defined as horizontal 

displacement from needle’s end on phantom’s surface to needle’s tip when the needle 

was inserted to the depth of 50 mm. To confirm the experimental results’ reliability, 

measurements on maximum deflection were repeated six times in adjacent positions for 

each driving voltage as: 0 V, 12.5 V, 27.7 V, 42 V and 55 V. 

 

(a) (b) 

Figure 5-12 (a) Maximum deflection at different driving voltages and (b) maximum  

deflection reduction percentage when compared with the driving voltage of 0 V in 

the case of gelatin phantom 

As shown with the error bars in Figure 5-12 (a), the maximum deflection decreased 

continuously when the driving voltage increased from 0 V to 55 V. The reduction 

percentages of the average maximum deflection over the six measurements at each 

driving voltage were calculated against the voltage of 0 V. The average maximum 

deflection was found to be reduced by 38.3% from 4.17 mm at 0 V to 2.57 mm at 55 V, 

as shown in Figure 5-12 (b). 
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5.1.3 Mechanical damage 

To reduce the needle deflection, rotation operation has been investigated and its effective 

ness has been proved. However, rotation operation induced potential damage at the same 

time, which was represented as discontinuity and roughness along the needle insertion 

path compared with non-rotation operations (Meltsner et al., 2007). In this subsection, 

assessment was carried out on whether mechanical damage was induced when the 

ultrasound actuation was applied. 

Experiments were conducted when the G22 hollow needle was inserted into 6% gelatin 

phantom to a depth of 50 mm with a speed of 50 mm/min. The basic driving circuit was 

used without resonance tracking and vibration stabilisation. The device was driven at its 

resonant frequency of 21.9 kHz. Comparisons were made when the ultrasonic device was 

driven at two peak-to-peak voltages of 0 V and 55 V.  

Damage assessments were carried out by scanning the needle insertion path with strain 

elastography imaging and ultrasound B-scans after the needle was inserted into and then 

pulled out of the gelatin phantom. Strain elastography imaging and ultrasound B-scan 

were conducted with one commercial diagnostic ultrasound system (SonixTablet, 

Ultrasonix, British Columbia, Canada) with an 8 - 40 MHz transducer (L40-8/12 Linear, 

Ultrasonix, British Columbia, Canada) used as scanning probe. The scanning angle was 

adjusted to stay in plane of insertion path, and pure water was used between the probe 

and phantom surface for coupling, as shown in Figure 5-13. Probe’s operation frequency 

was set as 15 MHz with scanning depth as 15 mm, considering that most damage happens 

near the surface because of the highly concentrated stress on surface.  

 

Figure 5-13 Damage assessment scanning setup 
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Two groups of scanning results by strain elastography and B-scan are shown in two rows 

in Figure 5-14. Within each group, the left image was acquired when the ultrasonic 

device was driven at 0 V; while the right image was acquired when the ultrasonic device 

was driven at 55 V. Each image contained the scanned elastography image and 

ultrasound B-scan image for one needle insertion path, within which the coloured 

elastography image was placed at the left; while the grey scale ultrasound B-scan image 

was placed at the right. In the coloured elastography images, the red colour was defined 

to represent the hard region and the blue colour was defined to represent the soft region. 

   

   
When the ultrasonic device was driven at 0 V              when the ultrasonic device was driven at 55 V 

Figure 5-14 Two groups of scanning results by strain elastography (coloured) and B-

scan (grey scale) in two rows 

Comparing the B-scan images, there were more bright spots and regions and the insertion 

path was easier to identify, when the driving voltage was applied as 0 V.  This could be 

explained as there were more discontinuities and roughness along the insertion path in the 

homogeneous gelatin phantom to reflect more ultrasound waves back to probe to be 

imaged.  

Concerning the elastography images, there were more coloured regions and the imaged 

insertion path was also thicker for the applied voltage of 0 V. In conventional strain 

elastography, cyclic force was applied during imaging and colour-mapped region was 

interpreted as hard with smaller strain or soft with larger strain. Here, the strain feature 

was used with elastography to identify discontinuity and roughness where usually less 
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strain was induced. The wing-like shapes along the insertion path in all the images were 

ultrasound imaging artefacts, which were associated with irregular interface or boundary.  

Overall, from both strain elastograhy and B-scan, less discontinuities and roughness 

along the insertion path were observed when the ultrasonic device was driven at 55 V, 

which implied possible mechanical damage reduction from the ultrasound actuation 

within needle insertion operations. 

5.1.4 Correlation analysis 

To examine the relationship between the ultrasonic actuation and the reduction effects on 

penetration force and needle reduction, correlation analysis was carried out by numerical 

computation software MATLAB (MATLAB R2012b, The Math Works, Massachusetts, 

USA). Average values of maximum force on gelatin phantom, net work on porcine tissue 

and maximum deflection on gelatin phantom were tested against with the driving voltage 

in MATLAB, where corrcoef(x) function was used to calculate the correlation 

coefficients and p values.  

Table 5-2 Correlation analysis between the driving voltage and the maximum force, 

work and deflection with gelatin phantom and ex vivo porcine tissue in experiments 

 

Driving voltage (V) 0 12.5 27.7 42 55 

Gelatin 

phantom 

maximum force (N) 0.4129 0.3558 0.3329 0.2997 0.2705 

analysis correlation:-98.42% p value: 0.0024 

Porcine 

tissue 

net work (mJ) 41.0 38.3 37.1 31.3 29.8 

analysis correlation: -97.65% p value: 0.0043 

Gelatin 

phantom 

maximum deflection (mm) 4.17 3.51 3.06 2.80 2.57 

analysis correlation: -97.26% p value: 0.0054 



 

126 
 

Needle-tissue Interaction with Ultrasound Actuation 

Analysis results revealed the correlation coefficients were -98.42%, -97.65% and -97.26% 

and p values were 0.0024, 0.0043 and 0.0054 (all < 0.05) respectively for average 

maximum force, work and deflection, as shown in Table 5-2. This confirmed a strong 

correlation between the increased driving voltage in ultrasound actuation and the 

decreased penetration force, work dissipation and needle deflection. 

Table 5-3 Correlation analysis between maximum force and maximum deflection 

with gelatin phantom within insertion experiments 

Gelatin 

phantom 

maximum force (N) 0.4129 0.3558 0.3329 0.2997 0.2705 

maximum deflection (mm) 4.17 3.51 3.06 2.80 2.57 

analysis correlation: 99.00% p value: 0.0012 

Correlation analysis was also conducted between maximum force and deflection for the 

experiments on gelatin phantom, where correlation coefficient and p value were found to 

be 99.0% and 0.0012, as shown in Table 5-3. This confirmed a close relationship between 

the decreased penetration force and the decreased needle deflection by the ultrasound 

actuation. 

5.2 Investigation of force reduction mechanism  

The reduced needle deflection and mechanical damage arose from the reduction of 

penetration force by ultrasound actuation. The reduced penetration force decreased the 

difference of the asymmetrical force distribution on the bevelled needle tip, which helped 

to decrease the needle deflection. Meanwhile, the reduced penetration force also led to 

less applied force with less applied stress for damage generation at the positions where 

the needle tip cut and the needle shaft bent. To understand the needle-tissue interaction by 

ultrasound actuation in needle application, it’s necessary to investigate how the 

fundamental penetration force reduction happened. 

In this section, the penetration force response in needle insertion procedures was first 

analysed. Force reduction in industrial metal forming is introduced; investigations carried 

out on constitutive response, softening effect and friction coefficient for the reason of 

force reduction on gelatin phantom are described. Numerical simulation was conducted 
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with comparison to experimental results to confirm the effect of friction coefficient. All 

the experimental tests were done with the device model of B2 and gelatin phantom. 

5.2.1 Penetration force response within needle insertion 

A typical penetration force response along the depth, when a needle was inserted through 

a homogeneous tissue mimicking phantom, was shown in Figure 5-15. The whole process 

constituted five stages as: 

A. Shape deformation was generated when the needle tip was applied on the 

phantom’s top surface. Initial puncture happened at the end of this stage, shown as 

a force peak; 

B. After the initial puncture, the phantom deformation was released near the top 

surface region, and a force relaxation was noticed; 

C. The needle was inserted through the phantom, which mechanically involved the 

phantom deformation, friction between phantom and needle shaft, and damage 

evolution in the phantom; 

D. The needle was punctured through the phantom’s bottom surface, when the 

phantom deformation was released near the bottom surface region and a force 

relaxation was noticed; 

E. After the second puncture and relaxation, needle moved further downwards, 

which involved mechanically only the phantom deformation and friction along the 

needle shaft. 

 

Figure 5-15 Five stages of force response when a needle was inserted through a 

gelatin phantom 
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When the needle insertion test was conducted with real biological tissue, which was 

usually inhomogeneous and contained several layers of different types of tissue, the force 

response exhibited a complex saw tooth shape which was a combination of several such 

typical responses. 

In the quasi-static process of needle insertion, the total external force F could be 

decomposed into three parts: friction force Ff, strain-inducing force Fs and damage-

generating force Fd, as shown in Equation (5-1). Correspondingly, the total external work 

comprised Wf, Ws and Wd, as shown in Equation (5-2). Wf  was the work done to 

overcome the friction along the needle shaft. Ws was the work converted to strain energy 

in the phantom’s deformation. Wd was the work used to initiate and develop the fracture 

damage within the phantom by the needle tip cut. 

𝐹 = 𝐹𝑓 + 𝐹𝑠 + 𝐹𝑑 (5-1) 

𝑊 = 𝑊𝑓 + 𝑊𝑠 + 𝑊𝑑 (5-2) 

Taking the needle puncture through the phantom’s top surface as an example, the 

processed consisted of four periods, as shown in Figure 5-16 and Table 5-4. In the first 

period, the needle tip touched the phantom’s surface and no force was applied between 

the needle and the phantom. In the second period, the needle tip compressed the surface 

of the phantom with no damage developing, and therefore only strain-inducing force was 

applied. In the third period, the phantom’s top surface was punctured through, and both 

strain-inducing force and damage-generating force were active. In the fourth period, 

needle shaft was inserted into the phantom and the friction force started to be effective. 

 

Figure 5-16 Four periods for needle puncture through the phantom’s top surface 
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Table 5-4 Effective forces during the four periods when the needle punctured 

through the phantom’s top surface 

Periods Ff Fs Fd 

(1) Needle tip touched the surface    

(2) Needle tip compressed the surface  √  

(3) Needle punctured the surface  √ √ 

(4) Needle slid into phantom √ √ √ 

5.2.2 Investigations on constitutive response, softening and friction coefficient  

Ultrasound actuation has been widely used in industrial metal forming for the reduced 

action force in manufacture. One main reason for the reduced force came from the 

plasticity deformation response based on the constitutive model of metal. Another two 

possible reasons of softer model and contact friction were also proposed and investigated 

with numerical verifications.  

In this section, investigations were made on whether the three factors of constitutive 

response, softening effect and friction coefficient, could account for the reduced 

penetration force from ultrasound actuation for the needle insertion experiment into 

gelatin phantom. 

Constitutive response 

Constitutive model of metal was shown in Figure 5-17 (a). The whole stress curve against 

strain consisted of one elastic region, one plastic region and one fracture developing 

region. The constitutive responses of metal for the loading and unloading process in 

plastic region were different, as shown in Figure 5-17 (b). When stress was applied to the 

metal from the initial period (a->b), the metal exhibited an elastic response, where the 

stress was proportional to the strain. After the yield point, unrecoverable strain would be 

generated with the applied stress during the plastic region (b->c). If the stress was 
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unloaded at point c, the stress would decrease along a straight line (c->d). Within this 

period, if the stress was loaded at any point between c and d, the stress would increase 

along a straight line (d->c). 

 

(a) (b) 

Figure 5-17 (a) Constitutive model and (b) constitutive response during the loading 

and unloading for metal 

If ultrasound actuation was applied in the region between c and d, the strain would 

oscillate between ε1 and ε2, with a resultant average stress as σ2. The average stress σ2 

represented the average stress during the ultrasound actuation, which was lower than the 

static loading stress σ1. This explained why the ultrasound actuation could reduce the 

responsive force for all the materials which exhibited elastic-plastic constitutive 

behaviours.  

Tissue mimicking phantoms are mostly made of engineering materials, like silicone 

rubber, agar and gelatine. These materials usually exhibited an elastic response, as shown 

in Figure 5-18 (a). Biological soft tissue was usually modelled as hyperelastic for the 

constitutive response (Natali et al., 2006), as show in Figure 5-18 (b).  

 

(a) (b) 

Figure 5-18 Constitutive response during the loading and unloading for (a) tissue 

mimicking phantom and (b) biological soft tissue 
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For both tissue mimicking phantoms and biological soft tissue, the loading and unloading 

constitutive response curves were the same. When the ultrasound actuation was applied 

and the strain oscillated between ε1 and ε2, the resultant average stress σ2 would be the 

same with the static stress σ1, with the two stresses overlaid in the graph. No difference 

in the reaction force existed for the static and oscillating processes. 

The analysis on the constitutive response of metal, tissue mimicking phantom and 

biological soft tissue during the loading and unloading processes, revealed that no force 

reduction could be achieved by simply applying the ultrasound actuation for elastic and 

hyerelastic materials. 

Softening effect  

Then, to investigate whether ultrasound actuation could induce the softening effect for the 

target of gelatin phantom, an indentation test was set up with a Langevin piezoelectric 

transducer, as shown in Figure 5-19 (a). The Langevin transducer was especially 

designed with a flat surface at the end of its horn, and a transformer was made for 

impedance matching, as shown in Figure 5-19 (b). The top of the transducer was attached 

to the 10 N load cell on the extensometer (H5KS, Tinius Olsen, Surrey, UK), and the 

bottom flat surface was placed above the surface of phantom in parallel.  

 

(a) (b) 

Figure 5-19 (a) Indentation test setup on gelatin phantom with (b) a Langevin 

transducer and impedance-matching transformer  

Before the indentation test, vibration performance was characterized with the Langevin 

transducer, when the transducer was driven at a peak-to-peak voltage of 12.5 V along the 
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frequency range from 25 kHz to 32 kHz. The vibration amplitude of the flat surface was 

measured with a laser vibrometer (OFV-2570 / OFV-534, Polytec Ltd, Herts, UK), as 

shown in Figure 5-20. It was found that the maximum vibration amplitude was 2.84 um at 

the resonant frequency of 28.1 kHz. This vibration amplitude was equivalent to the 

vibration amplitude of needle tip when the ultrasonic needle device was driven at its 

resonance at the peak-to-peak voltage of 30 V at the insertion depth of 40 mm, as shown 

in Figure 4-20 (b). 

 

(a) (b) 

Figure 5-20 (a) Focus view of laser vibrometer radiation on the flat surface of the 

Langevin transducer’s horn and (b) the vibration amplitude along the frequency 

when the transducer was driven with a peak-to-peak voltage of 12.5 V 

For the indentation test, compression and relaxation tests were conducted. In the 

compression test, the flat end surface was advanced to compress the phantom’s surface 

for 4 mm at three different speeds of 15 mm/min, 30 mm/min and 60 mm/min. The 

compression depth was set as 4 mm to avoid damage generation. Force response was 

recorded along the compression depth. Comparisons were made when the Langevin 

transducer was driven without (NONUS) and with (US) ultrasound actuation with a peak-

to-peak voltage of 12.5 V for the 2.84 um vibration amplitude. When the ultrasound 

actuation was active, the ultrasound wave was expected to propagate through the contact 

interface between the transducer and the phantom. If there was a softening effect because 

of the ultrasound absorption, force reduction was expected to be identified in the 

compression force response. Each configuration was repeated for three times. 

The force responses overlaid on the plot for all the three compression speeds, as shown in 

Figure 5-21. This indicated there was no difference in the force response along the 

compression depth between the two driving modes: NONUS and US. 
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(a) (b) (c) 

Figure 5-21 Compression indentation tests on the gelatin phantom with three 

different speeds of (a) 15 mm/min, (b) 30 mm/min and (c) 60 mm/min, when the 

Lagevin transducer was driven without ultrasound actuation (NONUS 1, 2, 3) and 

with a peak-to-peak voltage of 12.5 V (US 1, 2, 3) 

Considering the short duration of ultrasound actuation in the compression test, another 

relaxation test was conducted when the top surface of the transducer compressed the 

phantom surface for 4 mm and stayed in this condition for two minutes. During the 

period of two minutes, the force response was recorded along the time. The same 

comparisons were made when the Langevin transducer was driven without (NONUS) and 

with (US) ultrasound actuation with a peak-to-peak voltage of 12.5 V for the 2.84 um 

vibration amplitude. The force reduction percentage was calculated by comparing the 

initial force at the time of zero seconds and the final force at the time of 120 second for 

each test. If there was a softening effect from the ultrasound energy absorption for two 

minutes, it was expected that there should be some difference in the force reduction 

percentage between the two driving modes. Each configuration was repeated for three 

times. 

The force reduction percentages were 6.85%, 5.43% and 4.15% for the three repeated 

tests when the Langevin transducer was driven without ultrasound actuation. The force 

reduction percentages were 7.21%, 4.79% and 4.39% for the three repeated tests when 

the Langevin transducer was driven with the peak-to-peak voltage of 12.5 V, as shown in 

Figure 5-22. The force reduction percentages were similar for the two driving modes of 

NONUS and US. The force responses in the two driving modes also shared the same 

decreasing tendency along the time. This demonstrated there was no obvious difference 

in the force response along the time in the relaxation tests between the two driving modes 

of NONUS and US.  
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(a) (b) 

Figure 5-22 Relaxation indentation tests on the gelatin phantom, when the Lagevin 

transducer was driven (a) without ultrasound actuation (NONUS 1, 2, 3) and (b) with 

a peak-to-peak voltage of 12.5 V (US 1, 2, 3) 

The softening effect may be induced by the generated heat from friction during needle 

insertion. Therefore, the heating effect by friction in ultrasound actuation was also 

examined with a thermal imaging camera (TIM 160, Micro-Epsilon, Ortenburg, 

Germany), when the needle was inserted up to a depth of 50 mm at a speed of 50 mm/min. 

Comparison was made when the ultrasonic device was driven without ultrasound and 

with a peak-to-peak voltage of 55 V. Thermal values were recorded at the insertion 

position when the needle was pulled out of the gelatin phantom, as shown in Figure 5-23 . 

Only 2°C temperature difference was identified with the ultrasound actuation. 

 

Figure 5-23 Comparison on the heating effect from ultrasound actuation when the 

inserted was conducted (nonus) without ultrasound and (us) with a peak-to-peak 

voltage of 55 V  

The results from compression tests, relaxation tests and heating effect test on the gelatin 

phantom revealed that there was no obvious softening effect from the ultrasound energy 

absorption, when a Langevin piezoelectric transducer was attached with the vibration 

amplitude of 2.84 um and the reaction force was as low as 0.5 N.  
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Friction coefficient 

Finally, an investigation was made on whether the friction coefficient between the needle 

and the gelatin phantom changed because of the ultrasound actuation. A friction 

experiment was set up with the ultrasonic device model of B2, as shown in Figure 5-24.  

 

(a) (b) 

Figure 5-24 (a) Experimental setup diagram and (b) practical setup for friction 

experiment with ultrasonic needle device of B2 

As shown in Figure 5-25, two cuboid gelatin phantoms were prepared with the dimension 

being 85 mm by 65 mm by 16 mm and each’s weight was 109.9 gram. The two phantom 

were placed in a cuboid phantom box with a size of 95 mm by 75 mm by 35 mm. On the 

right side of the phantom box, one open window was made as 10 mm by 15 mm. The 

standard needle was placed between the two phantoms through this open window. An 

aluminium load block, which weight 385 grams, was placed on the top of the two gelatin 

phantoms to apply a loading condition with a full contact between the needle and the 

phantoms. All the horizontal levelness was checked with an air level. 

 

(a) (b) (c) (d) 

Figure 5-25 (a) Cuboid gelatin phantom, (b) phantom box with an air level, (c) open 

window on the phantom box and (d) aluminium load block  



 

136 
 

Needle-tissue Interaction with Ultrasound Actuation 

At the beginning of the friction experiment, the needle was placed with a total length of 

50 mm between the two phantoms. In the experiment, the needle was moved out along 

the axis of the translation stage (MTS 50-Z8, Thorlabs, Ely, UK) with a speed of 1 mm/s 

for 20 mm, and the static force response was recorded by the 10 N load cell (208678, 

Tinius Olsen, Surrey, UK). Comparison on the force response was made when the 

ultrasonic device was driven with no voltage applied (nonus) and with a peak-to-peak 

voltage of 20 V at its resonant frequency of 21.9 kHz (us). The transformer was used for 

impedance matching during ultrasound actuation.  

A typical force response for the friction experiment is shown in Figure 5-26 (a). For the 

curves in both nonus mode and us mode, the whole force response exhibited two periods: 

in the first period, the force increased sharply to a peak; in the second period, the force 

gradually decreased to a certain level. It was observed that in the first period, the phantom 

was deformed at the contact area and no relative sliding happened between the phantom 

the needle, which meant that the movement of needle just increased the static friction 

force without any kinetic friction force. After the critical point of the force peak, the 

sliding between the phantom and the needle started, and the kinetic friction force was 

applied at the interface. As the needle was moved out, the effective length in the interface 

decreased and the kinetic friction force decreased correspondingly. The peak force 

response and the final force response at the movement distance of 20 mm could be used 

to represent the static friction coefficient and the kinetic friction coefficient under the 

same loading condition. 

 

(a) (b) 

Figure 5-26 (a) Typical force response and (b) repeated force response for the 

friction experiment when the ultrasonic needle device of B2 was driven without 

ultrasound actuation (nonus) and with a peak-to-peak voltage of 20 V at resonant 

frequency of 21.9 kHz (us) 
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Each test was repeated three times for both driving modes of nonus and us, as shown in 

Figure 5-26 (b). It was shown that both the peak force and the final force were reduced 

when the ultrasound actuation was applied. The average of peak force was reduced by 

21.38% and the final force was reduced by 34.45% when the peak-to-peak voltage of 20 

V was applied with impedance-matching transformer, as shown in Figure 5-27. The 

reduction of static friction force and kinetic friction force could result from the change of 

static friction coefficient and kinetic friction coefficient because of the ultrasound 

actuation under the same loading conditions. 

 

(a) (b) 

Figure 5-27 Statistics of (a) peak force response and (b) final force response at 20 

mm in the friction experiment when the ultrasonic needle device was driven at two 

modes of nonus and us 

In this subsection, investigation was carried out on the constitutive response, softening 

effect and friction coefficient. The theoretical analysis and the results from the 

indentation test and the friction experiment revealed that the reduction of needle 

penetration force may be caused by the friction coefficient change from the ultrasound 

actuation. 

5.2.3 Numerical verification on friction coefficient 

To confirm the conclusion that the needle penetration force reduction resulted from the 

reduction of friction coefficient by the ultrasound actuation, numerical simulation 

verification with FEA in ABAQUS (6.12-1, Dassault Systeme, Paris, France) was done 

with comparison from practical experimental results on gelatin phantom. The experiment 

was conducted with the ultrasonic needle device of B2 with the G22 hollow needle. 
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The simulation model was set up in 2D dimension, with two parts of an analytical rigid 

needle and a deformable gelatin phantom, as shown in Figure 5-28. The material of the 

needle was stainless steel, the Young’s modulus of which was much higher than the 

Young’s modulus of gelatin phantom. Finite element type of analytical rigid wasn’t 

subject to deformation and therefore was chosen for the needle. Investigation was focused 

on the effect of friction coefficient, and the needle tip was modelled as a symmetrical 

triangle shape to eliminate the bending effect. Experimental results in the early period of 

needle insertion were to be used for verification, during which needle bending was not 

too much. The gelatin phantom was modelled as deformable material, which consisted of 

two regions. The first region was elastic region, which only deformed under loads. The 

second region was cohesive region, which not only deformed but also fracture beyond the 

critical stress. The cohesive region was along the symmetrical line with a width of 0.01 

mm, where the fracture was initiated and developed along the path. The effective out-of-

plane thickness was set 8 mm after examining the deformed region during the practical 

insertion process. 

 

Figure 5-28 Numerical simulation setup in ABAQUS with an analytical needle and a 

deformable gelatin phantom 

The analytical part of the needle didn’t require the material property assignment. The 

material properties for both elastic and cohesive regions in the gelatin phantom were 

measured and set with the numerical values as shown in Table 5-5. The density was 

obtained by measuring both the weight and volume of five samples with a balance 

(CQT251, Adam Equipment, Danbury, USA) and a cylinder flask. The value of the 

elastic modulus came from the mechanical property characterisation in Table 3-4 with 

minor adjustment. The Poisson’s ratio was set as 0.49, which is typical of incompressible 
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material. Fracture strain was obtained from the mechanical property characterisation in 

Table 3-4 and the fracture stress was calculated by multiplying the known elastic 

modulus with the fracture strain. 

Table 5-5 Material properties for both elastic and cohesive regions in the gelatin 

phantom in numerical simualtion 

 Gelatin phantom 

 Elastic region Cohesive region 

Density (kg/m3) 998.8 998.8 

Elastic modulus (Pa) 21480 21480 

Poisson’s ratio 0.49  

Fracture strain  0.28 

Fracture stress (Pa)  6000 

Fracture toughness (J/m2)  15.68 

Fracture toughness was a mechanical parameter, which described how a material was 

resistant to the fracture development. Fracture toughness was used to control the fracture 

evolution in ABAQUS. The fracture toughness for gelatin phantom was measured by a 

puncture experiment, as shown in Figure 5-29 (a). The puncture experiment was 

conducted in two steps: during the first step of insertion, the external work Wi was 

composed of three parts of Wf,  Ws and Wd; during the second step of puncture, the 

external work  Wp was only composed of two parts of  Wf and Ws without damage 

initiated. If the subtraction was taken between the Wi and Wp, the work associated with 

damage Wd could be figured out. And the toughness of the gelatin phantom could be 

obtained by normalizing the Wd with the induced damage width dw and height dh. 

The puncture experiment was carried out with a trocar needle (DTN-18-20.0-U, Cook 

Incorporated, Bloomington, USA) which possessed symmetrical shape on the needle tip. 

The symmetrical shape helped to reduce the Ws and the bending-induced error. Three 

typical force responses were shown in Figure 5-29 (b), which consisted of two periods of 

insertion and puncture. The fracture toughness was characterised as 15.68 J/m2. 
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(a) (b) 

Figure 5-29 (a) Puncture experiment setup  for the measurement of fracture 

toughness Gc and (b) three force responses for the puncture test into gelatin phantom 

with a trocar needle  

A total insertion depth of 16 mm was simulated with the Dynamic Explicit procedure in 

ABAQUS. A reference point was bound to the rigid body of the needle. The reaction 

force on the reference point represented the force on the needle in the quasi-static 

insertion process. Different friction coefficients (0.49, 0.45, 0.26, 0.21 and 0.17) were 

used to represent the different peak-to-peak driving voltages (0 V, 12.5 V, 27.7 V, 42 V 

and 55 V) of ultrasound actuation.  

Comparison was first made between the static experimental force response (exp) and the 

simulated force response (sim). The static experimental force response was recorded 

when the ultrasonic needle device was driven at the different voltages; the simulated 

force response was obtained when the different friction coefficients were applied in the 

simulation. A good match was found on the increasing tendency in the central green 

frame between the static experimental and the simulated force responses within the initial 

insertion depth of 16 mm, as shown in Figure 5-30. Experimental insertion force 

reduction effect was well demonstrated by the numerical simulations which adopted 

different friction coefficients for the contact property in the model. Insertion force at 

larger depth was not used to compare, because the nonlinearity by needle deflection at 

larger depth will induce the inconsistency error. In simulation, no peak penetration 

mechanism was integrated for the initial 4 mm insertion depth. 
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Figure 5-30 Static force responses from experiments (exp) when different driving 

voltages were applied and from simulations (sim) when different friction coefficients 

were adopted, with comparative focus within the green frame 
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Comparison was then made on the overall force response from the experimental (exp) 

and simulated (sim) results. The overall force response consisted of two periods: one was 

the dynamic force response starting from the depth of 11 mm for 0.001 mm when the 

ultrasound actuation was activated; another was the static force response at the rest of the 

whole insertion depth of 16 mm without ultrasound actuation. The experimental dynamic 

force response was measured by using a dynamic force sensor (1053V1, Dytran 

Instruments, Chatsworth, USA). The simulated dynamic force response was obtained by 

applying a high-frequency (21.9 kHz) vibration velocity to the needle for the 0.001 mm 

insertion depth. 

Good agreement between the experimental and simulated overall force response was 

identified in Figure 5-31. Especially in each plot on the right, the simulated dynamic 

force response aligned well with the experimental dynamic force response within the 

same range. The average level of dynamic force (0.065 N for 12.5 V, 0.04 N for 27.7 V, 

0.03 N for 42 V and 0.025 V for 55 V in the right column of Figure 5-31) represented the 

level of static force response (0.068 N for 12.5 V, 0.042 N for 27.7 V, 0.034 N for 42 V 

and 0.027 V for 55 V in the left column of Figure 5-30), as shown in Table 5-6. Static 

force reduction could be explained by the reduction of the average level for dynamic 

force response from the friction coefficient change in the numerical simulations. 
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Figure 5-31 Overall force responses from experiments (exp) when different driving 

voltages were applied and from simulations (sim) when different friction coefficients 

were adopted, and the right column is the magnified picture of the green frame from 

the left column in the ultrasound actuation 
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Table 5-6 Comparison between the average level of dynamic force and the level of 

static force 

Driving voltage Average level of dynamic force  Level of static force  

12.5 V 0.065 N 0.068 N 

27.7 V 0.04 N 0.042 N 

42 V 0.03 N 0.034 N 

55 V 0.025 N 0.027 N 

In this subsection, numerical simulations were carried out on the static and dynamic 

needle penetration force responses with different friction coefficients to represent the 

different driving voltages. Good agreement between the experiment and simulated results 

on both static and dynamic force responses demonstrated that the change of friction 

coefficient may help to explain why the reduction of needle penetration force happened 

from the ultrasound actuation. 

5.3 Ultrasonic perception  

Targeting how to monitor the needle-tissue interaction, the concept of ultrasonic 

perception is proposed for the investigation on the feedback from the ultrasonic needle 

device during the needle insertion. During the insertion, the needle device is subject to 

different loading conditions while the needle penetrates through different layers of soft 

tissue before reaching the target. The loading conditions will change the impedance 

magnitude and resonant frequency of the ultrasonic device, and this information has the 

potential to be used as the electrical feedback as monitor signals. In this section, basic 

working principles were first explained, and then function verification was conducted on 

multi-layer phantoms. 

5.3.1 Working principle 

Ultrasonic device was subject to mechanical loads during operation. Different loading 

conditions would lead to resonant impedance change and frequency shift, as it has been 

confirmed by previous researchers for both bulk and thin film ultrasonic transducers 

(Kirk et al., 2011; Shuyu, 2005). The proposed concept of ultrasonic perception aims to 
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represent the mechanical loading change with the ultrasonic device’s impedance change 

to facilitate the epidural anaesthesia. 

The loading effect was first examined through impedance measurement around the B2 

needle device’s resonant frequency at 25.0 – 26.5 kHz, when the needle was placed in air, 

and inserted into a 6% gelatin phantom and porcine tissue to a depth of 1 cm.  

 

(a) (b) 

Figure 5-32 Measurements of (a) needle transducer’s admittance circle and (b) 

impedance magnitude under different loading conditions 

The admittance circle of the needle transducer’s impedance was measured with an 

impedance analyser (HP4194A, Agilent Technologies, Santa Clara, USA), with the 

results plotted in Figure 5-32. For the three loading conditions (in air, in 6% gelatin 

phantom, and in porcine tissue), it was found that the diameter of the admittance circle 

decreased with the corresponding impedance magnitude increasing from 2.1 kΩ, to 2.2 

kΩ and 2.8 kΩ respectively. The serial resonant frequency decreased from 25.69 kHz to 

25.68 kHz and 25.65 kHz and the parallel resonant frequency decreased from 25.86 kHz 

to 25.85 kHz and 25.84 kHz, as shown in Table 5-7. 

Table 5-7 Effects on the impedance magnitude and resonant frequency of B2 from 

loading conditions 

  Impedance magnitude Serial resonance Parallel resonance 

Air  2.1 kΩ 25.69 kHz 25.86 kHz 

Gelatine phantom 2.2 kΩ 25.68 kHz 25.85 kHz 

Porcine tissue 2.8 kΩ 25.65 kHz 25.84 kHz 



 

146 
 

Needle-tissue Interaction with Ultrasound Actuation 

Then, the different loading effects between soft tissue and hard tissue were investigated 

with tissue mimicking materials of gelatin phantom and saw bone, as shown in Figure 

5-33. Adaptive PXIe system was used to measure the impedance with a peak-to-peak 

voltage of 5 V. Impedance spectra were measured when a static loading force was applied 

on the needle, ranging from 0 N to 10 N.  

 

(a) (b) 

Figure 5-33 Experimental setup for different load effects between (a) gelatin 

phantom and (b) saw bone 

The two ultrasonic needle devices of B2 and T4 were tested. The scanning frequency 

ranges were from 18 kHz to 32 kHz for B2 and from 38 kHz to 42 kHz for T4. When the 

loading force was applied from 0 N to 0.2 N with gelatin phantom, B2 exhibited 

relatively stable impedance at its transducer’s resonance at 25 kHz, shown in Figure 5-34 

(a). When the force was increased up to 6 N, the impedance peaks were seriously 

flattened with shape distortion, shown in Figure 5-34 (b). 

 

(a) (b) 

Figure 5-34 Impedance spectra when the ultrasonic needle device B2 was inserted 

into (a) gelatin phantom and (b) saw bone 

For the needle device of T4, when the force was applied from 0 N to 0.2 N, the 

impedance at its transducer’s resonance of 42 kHz stayed very stable, shown in Figure 



 

147 
 

Needle-tissue Interaction with Ultrasound Actuation 

5-35 (a). When the loading force increased from 0 N to 10 N, the resonant impedance 

gradually increased and the anti-resonant impedance gradually decreased, shown in 

Figure 5-35 (b). The change tendency was gradually consistent with the increasing load, 

which was good to implement the ultrasonic perception function. 

 

(a) (b) 

Figure 5-35 Impedance spectra when the ultrasonic needle device T4 was inserted 

into (a) gelatin phantom and (b) saw bone 

Through the characterisation of impedance response, when different static loads were 

applied from gelatin phantom and saw bone, it was observed that the impedance change 

could represent the load change well with the ultrasonic needle device of T4. 

5.3.2 Experimental verification 

To verify whether the impedance change could represent the load change during the 

dynamic needle insertion process, experiments were conducted with two different targets: 

multilayer phantom, and pig abdomen phantom.  

During the experiments with the phantom, the impedance measurements were made by 

using the designed adaptive system with the functions of frequency tracking and current 

constant. Force measurement was made by using the extensometer (H5KS, Tinius Olsen, 

Surrey, UK). T4 was used as the ultrasonic needle device with transformer for impedance 

matching. At the beginning of each test, the voltage was set as 1 V, the current was set as 

0.02 A, and the frequency was set as 42.8 kHz. The insertion speeds were controlled at 1 

mm/s. 

First, the verification was conducted with a multilayer phantom. Two types of gelatin 

phantom were made with different concentrations of 6% and 12% to mimic the soft tissue 

and the stiff tissue. Saw bone was used to mimic the hard tissue. Two configurations were 
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arranged with slightly different thickness for gelatin phantom, shown in Figure 5-36. 

Experiments with each configuration were repeated for three times. 

 

Figure 5-36 Two configurations of multilayer phantom 

Overall force response and impedance magnitude response in Configuration 1 were 

shown on the left in Figure 5-37. Within the overall force response, there were two 

periods: the first period was when the needle was inserted through the three gelatin 

phantoms, as shown in the middle in Figure 5-37; the second period was when the needle 

was inserted into the saw bone with sharp increased force within 1.5 mm, as shown on 

the right in Figure 5-37. The force response in the first period exhibited a slow increase 

between two quick increases, which corresponded to the gelatin phantom arrangement 

with one soft between two stiff ones. It could be found that the change of the impedance 

magnitude was consistent with the change of force. 

 

Figure 5-37 Force and impedance magnitude response along the insertion depth in 

configuration 1 
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Overall force response and impedance magnitude response in Configuration 2 were 

shown on the left in Figure 5-38. Within the overall force response, there were similar 

two periods: the first period was when the needle was inserted through the three gelatin 

phantoms, as shown in the middle in Figure 5-38; the second period was when the needle 

was inserted into the saw bone with sharp increased force within 1 mm, as shown on the 

right in Figure 5-38. The force response in the first period exhibited a quick increase 

between two slow increases, which corresponded to the gelatin phantom arrangement 

with one stiff between two soft ones. The change of the impedance magnitude was found 

to be consistent with the change of force in this configuration. 

 

Figure 5-38 Force and impedance magnitude response along the insertion depth in 

configuration 2 

Then, a verification experiment was conducted with a multi-layer pig abdomen phantom. 

This pig abdomen phantom was first proposed and used for minimal invasive intervention 

with robotics (Shi, 2012). In our local department, it’s assembled in the beaker with five 

different parts, as shown in Figure 5-39. The fabricated gelatin phantom could be reused 

after needle insertion experiment. 
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Figure 5-39 The pig abdomen phantom and its assembly parts 

The experiments with pig abdomen phantom were repeated for four times, with the 

results shown in Figure 5-40. The whole insertion process consisted of five periods: in the 

period I, both insertion force and electrical impedance increased because of the loading 

from silicone rubber; in the period II, the needle tip penetrated through the layer of 

medical plastic glove with both force and impedance dropped; in the period III, the force 

continued to increase because of the loading from the 10% gelatin phantom, and the 

impedance started to decrease because of the loading from softer gelatin compared with 

silicone rubber; in the period IV, the needle tip penetrated through the layer of medical 

elastic glove, the force and impedance were found to drop again with the loading 

suddenly unloaded; in the period V, similar to the period of III, the force continued to 

increase and the electrical impedance decreased. Good consistency was identified among 

the four tests for repeatability. The repeatable experimental results indicated that the 

electrical impedance held the possibility to be used as the potential feedback to detect the 

changes in loading conditions in needle-tissue interaction procedures. 
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Figure 5-40 Impedance magnitude response and insertion force response during the 

experiment with pig abdomen phantom, repeated for four times 

5.4 Summary 

In this chapter, needle-tissue interaction in ultrasound actuation was investigated on one 

forward question of ultrasound actuation effect and one backward question of ultrasonic 

perception. The fundamental mechanism of needle penetration force reduction by 

ultrasound actuation was investigated with theoretical analysis, experimental tests and 

numerical verifications. 

Firstly, reduction of penetration force, needle deflection and mechanical damage from 

ultrasound actuation was confirmed with the experiments on gelatin phantom, ex vivo 

porcine tissue and Thiel-embalmed cadaver. Both puncture force through the surface and 

the penetration force along the insertion depth were found to be reduced on the 6% 

gelatin phantom, ex vivo tissue and Thiel-embalmed cadaver when the driving voltage 

increased. With ultrasound actuation, less deflection was demonstrated with the insertion 

into transparent gelatin phantom and less damage was discovered along the insertion path 

with both ultrasound strain elastograhy imaging and B-scan. Correlation analysis revealed 

close relationship between the increased level of driving signal and the decreased effect 

of penetration force, needle deflection and mechanical damage. 
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Secondly, the reason why the penetration force reduced from the ultrasound actuation 

was investigated on constitutive response, softening effect and friction coefficient. 

Typical force response with several different periods along the insertion depth was 

introduced, and different components of the reaction force and work were analysed for 

some typical insertion periods. Constitutive responses from elastic-plastic model, elastic 

model and hyperelastic model were compared in theoretical analyses. The softening 

effect was examined with a compression and a relaxation indentation tests. In the friction 

experiment, both peak force and final force were found to be reduced by 21.38% and 

34.45% respectively. Numerical simulations were carried out on both the static and 

dynamic force responses with the adjustment of different friction coefficients. Good 

agreement was achieved between the experimental and simulated results, which indicated 

that the change of friction coefficient may help to explain why the reduction of needle 

penetration force happened from the ultrasound actuation. 

Finally, the function of ultrasonic perception was proposed with detailed explanations on 

the working principle. The relationship between the change of loading condition and the 

changes of electrical impedance magnitude and resonant frequency was demonstrated 

with the experiment trials on the ultrasonic needle device of B2 and T4. Dynamic 

function verification was performed with experimental trials with T4 on both multi-layer 

phantom and pig abdomen phantom. 

To conclude on the investigation of needle-tissue interaction in ultrasound actuation, both 

the forward ultrasound effect and the backward ultrasonic perception were examined on 

their fundamental working mechanism and function repeatability with experimental 

verification. These two interaction mechanism are potential to be used in medical practice 

for patient’s benefits after they have been further verified for function reliability in 

preclinical trials.  
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Chapter 6 Case Study - Anaesthesia with Needle Visualisation and 

Ultrasonic Perception  

In regional and local anaesthesia, it’s vital to place the needle tip accurately at the target 

without damaging the surrounding tissues like nerves and arteries. The confirmed 

reduction of penetration force, needle deflection and mechanical damage may help with 

better operative manoeuvrability, better targeting accuracy and less induced damage. In 

practice, ultrasound guidance is frequently adopted to visualise the needle shaft and the 

needle tip for easier targeting. However, visualization of the needle became harder when 

the needle is placed deeply in the tissue. In the femoral region for example, during local 

anaesthesia, the ultrasound wave couldn’t reach the deeper regions because of attenuation. 

And in the spinal region, the needle tip could not be visualised during epidural 

anaesthesia when the needle was placed underneath the spinal bones, such as transverse 

process, superior articular process and spinous process. 

In this chapter, aiming to increase the targeting accuracy in local anaesthesia and epidural 

anaesthesia, a case study was conducted on needle visualisation and ultrasonic perception. 

In each study, medical needs were first analysed with current methodologies, and then a 

potential solution was proposed with the designed ultrasonic needle device. In this study, 

the working principle is introduced and then verified with experiments on pig models. 

The outline of this chapter is listed as below: 

 Ultrasonic needle visualisation  

 Ultrasonic perception 

6.1 Ultrasonic needle visualisation 

6.1.1 Medical needs in local anaesthesia 

Local anaesthesia is a medical procedure that blocks the nerves in the targeted region of 

body, so that the signal from the target region can’t transmit to the brain and the patient 

doesn’t feel the pain. Compared with general anaesthesia, local anaesthesia only causes 

the complete numbness in the targeted region without total consciousness loss for patients. 

In peripheral nerve block anaesthesia, the drug is expected to be delivered in the region of 

hand, arm or leg. Accurate placement of the needle is hard when the target is deep within 

the tissue, even with the B-mode ultrasound guidance and echogenic needle (NHS). 
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Taking local anaesthesia (LA) in the femoral region for example, two conventional 

ultrasound imaging approaches were used namely: in-plane approach and out-of-plane 

approach (USRA), as shown in Figure 6-1.  In the in-plane imaging mode, the needle 

shaft (NS) could be visualized; in the out-of-plane mode, only the cross section of the 

needle could be seen as a small white dot. In the grey-scale images, the needle tip (NT) 

was expected to target the adjacent region around the femoral nerve (FN) and avoid the 

contact with femoral artery (FA) and femoral vein (FV).   

   

(a) (b) 

Figure 6-1 (a) In-plane and (b) out-of-plane ultrasound imaging in local anaesthesia 

in the femoral region (USRA) 

On some critical occasions when the image quality deteriorated seriously, it was 

impossible to identify the needle tip. In these cases, two other techniques would be used 

namely: manual motion and hypoechoic fluid injection. In manual motion, the needle was 

moved slightly in and out or side to side for a better viewing. By the injection of 

hypoechoic fluid, the location of needle tip was easier to be seen. Electrical stimulation 

was sometimes used to finally confirm the correct placement of the needle for the 

targeted nerve block. 

Based on the analyses above, it was noted that wrong placement of the needle tip could 

easily induce the severe consequences of nerve damage, internal bleeding and cardiac 

arrest. Inexperienced manipulation of ultrasound transducer and poor imaging quality 

could complicate the whole targeting process. The use of electrical stimulation 

confirmation can be unpleasant for patients, especially if it’s conducted too many times.  
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6.1.2 Working principle 

Aiming to find an easier and more convenient way to identify the needle shaft and tip in 

medical practice, the function of needle visualisation was investigated with this research 

group. The basic concept was to use ultrasound Doppler imaging to visualise the needle, 

when the needle was actuated with vibration from ultrasound. 

The working principle of ultrasonic needle visualisation was shown in Figure 6-2. When 

the needle was actuated with ultrasound during the insertion into soft tissue or phantom, 

the whole needle would vibrate with a certain mode shape which includes both the 

vibration along the needle shaft (vnl) and perpendicular to the needle shaft (vnv). Both 

vibrations could be decomposed into two components along the vertical and horizontal 

directions, with vnlv  and vnlh  for vnl, and with vnvv  and vnvh  for vnv. When an ultrasound 

transducer was used for imaging, the ultrasound wave would propagate on the needle and 

be reflected back to the ultrasound transducer for imaging. The frequency of reflected 

wave would be changed because of the motion of needle shaft, based on the Doppler 

Effect. 

The relationship between the observed frequency f and emitted frequency f0 is expressed 

in Equation (6-1) as (Rosen, 2009): 

 𝑓 = (
𝑐 + 𝑣𝑟

𝑐 + 𝑣𝑠
) 𝑓0 (6-1) 

Where c is the acoustic velocity in the medium, vr is the velocity of the receiver and vs is 

the velocity of the source. 
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Figure 6-2 Working principle of ultrasonic needle visualisation  

Then, the observed frequency with ultrasound actuation fu could be expressed as: 

 𝑓𝑢 = (
𝑐

𝑐 − 𝑣𝑛𝑙𝑣+𝑣𝑛𝑣𝑣
) 𝑓𝑡 (6-2) 

Where ft is the working frequency of the ultrasound transducer, c is the acoustic velocity 

in the medium, vnlv is the vertical component of the velocity along the needle shaft and 

vnvv is the vertical component of the velocity perpendicular to the needle shaft. 

The change of observed frequency was associated with the vibration of the ultrasonic 

needle, and it could be captured by using the ultrasound Doppler imaging for better 

visualisation of the needle shaft and needle tip. 

6.1.3 Experimental verification 

Initial experiments for function verification were done by previous PhD students 

Muhammad Sadiq (Sadiq, 2013) and Yang Kuang (Kuang, 2014) in our research group. 

In this study, the work was further conducted in order to investigate the imaging quality 

of the needle on various conditions. 

The experimental setup for ultrasonic needle visualisation is shown in Figure 6-3. One 

commercial diagnostic ultrasound system (SonixTablet, Ultrasonix, British Columbia, 

Canada) with a 5 - 14 MHz transducer (L14-5/38 Linear, Ultrasonix, British Columbia, 

Canada) used as scanning probe. Imaging configuration was set as: frequency 10 MHz, 
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depth 4 cm, gain 48%, dynamic 76 dB and chrome 0. The ultrasonic needle device of B2 

was driven at 21.9 kHz and mounted on a motorized translation stage (MTS 50-Z8, 

Thorlabs, Ely, UK). Ex vivo porcine tissue was used as the target. 

 

Figure 6-3 Experimental setup for ultrasonic needle visualisation  

Comparison was first made between three imaging modes of B mode, colour Doppler and 

power Doppler, when the ultrasound actuation was activated with a peak-to-peak driving 

voltage of 10 V, as shown in Figure 6-4. The Vpp 10 V was chosen, because this can 

provide reasonable visibility of the needle shaft and meanwhile avoid unwanted excessive 

imaged thickness of the needle shaft and unnecessary noise in the surrounding region. In 

B mode, it was hard to distinguish the needle, while in both Doppler modes the needle 

could be seen. In colour Doppler mode, different colours were mapped on the needle 

shaft to represent the frequency change induced by vibration. In power Doppler, the 

vibration-induced frequency change was mapped with only one colour with different 

intensities. 

 

(a) (b) (c) 

Figure 6-4 Comparison between three imaging modes of (a) B mode, (b) colour 

Doppler and (c) power Doppler 
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The mapped different colours in colour Doppler could be more easily identified. 

Therefore, colour Doppler was used for the following experiment with comparisons of 

different insertion depths and angles. If the insertion angle was as low as 30°, more 

ultrasound waves could be reflected back to imaging transducer, but less vibration-

induced motion could be captured. If the insertion angle was as high as 60°, more 

vibration induced vibration could be captured, but less ultrasound wave could be reflected 

back to imaging transducer. Best imaging quality was found with the insertion angle of 

45°, as shown in Figure 6-5. 

 

Figure 6-5 Colour Doppler images with different insertion depths and angles 

An experiment was then conducted with two conventional scanning approaches of in-

plane and out-of-plane imaging, with different insertion depths and an insertion angle of 

45°. It was noted that good quality imaging of needle could be obtained from ultrasound 

actuation for both in-plane and out-of-plane approaches, as shown in Figure 6-6. The 

needle shaft image became thinner and thinner by the in-plane approach, when the 

insertion depth was increased. The artefact appeared as a dripping shape for the needle tip 

image by the out-of-plane approach, when the insertion depth was more than 25 mm. The 

change of needle shaft image may be caused by the vibration velocity reduction, which 

resulted from the loading condition with the reduced driving current.  
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Figure 6-6 In-plane (top row) and out-of-plane (bottom row) colour Doppler images 

with different insertion depths at insertion angle as 45° 

To improve the imaging stability, the adaptive driving system with frequency tracking 

and vibration stabilisation was used to drive the ultrasonic needle device of B2 at 21.9 

kHz, with a targeted constant current of 0.2 A. Comparison of colour Doppler image was 

made between two driving modes with (FT) and without (No FT) the adaptive driving, at 

different insertion depths, as shown in Figure 6-7.  

 

Figure 6-7 Comparison between two driving modes with (FT) and without (No FT) 

the adaptive driving 

Without the adaptive driving, the imaged needle shaft became thinner and even 

discontinuous, with the increased insertion depths. When the adaptive driving was 

applied, the vibration level was maintained and the imaged needle shaft became stable 
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along the insertion depth. The maintained vibration level could be confirmed with the 

current and phase response during the adaptive driving process, as shown in Figure 6-8. 

 

(a) (b) 

Figure 6-8 (a) Current and (b) phase response during the adaptive driving process 

Imaging experiments with different imaging modes, different insertion angles and depths, 

different scanning approaches and different driving methods, verified the effectiveness of 

the proposed technique of ultrasonic needle visualisation. This verification helped to 

speed up the adoption of this technique in real medical practice to improve the needle 

visibility in some difficult situations for local anaesthesia, when the needle reached the 

deep target region. 

6.2 Ultrasonic perception 

6.2.1 Medical needs in epidural anaesthesia 

Epidural anaesthesia is a medical procedure which involves injecting the anaesthetical 

drug in the patient’s lower back to numb the nerves and stop the patient feeling pain in a 

specific region. The effective areas for epidural anaesthesia cover the chest, abdomen, 

pelvic area and legs. Epidural anaesthesia has wide applications in natural childbirth, 

caesarean section, after-surgery with general anaesthesia, knee surgery, hip replacement, 

rib or chest fracture and lower limb amputation. Successful epidural anaesthesia is 

conducted through effective drug delivery into the epidural space. Two major risks for 

epidural anaesthesia are dura puncture and nerve damage (NHS). 

A sagittal view profile of needle insertion in epidural anaesthesia (Quizlet) is shown in 

Figure 6-9. The needle is expected to penetrate through the skin, subcutaneous fat, 
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supraspinous ligament, interspinous ligament and ligament flavum, before it reaches the 

epidural space for an effective drug delivery. Touhy needle in 16 G, 18 G and 19 G are 

often used with a curved needle tip to avoid unnecessary damage. 

 

Figure 6-9 Sagittal view profile of needle insertion in epidural anaesthesia (Quizlet) 

The correct placement of needle tip is within the epidural space (Chester, 2012), as 

shown in Figure 6-10. The correct position for needle tip is between the ligamentum 

flavum and dura mater. Without puncture through the ligamentum flavum, no anaesthesia 

could be performed effectively. Dura mater is the last hard layer to protect the spinal cord. 

If the needle tip punctured through the dura mater, the drug would be delivered to 

subarachnoid space. If the needle tip advanced more, there would be some risk of 

touching and damaging the nerves. 

 

Figure 6-10 Needle tip placed within epidural space  (Chester, 2012) 

Injection into subarachnoid space is avoided, because it can result in spinal fluid loss. The 

spinal fluid loss can cause a pressure imbalance and serious headaches for patients. 

Meanwhile, compared with the subarachnoid injection, epidural injection maintains 
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lasting effect for anaesthesia. Misjudgement of the insertion depth into the spinal cord 

was serious with possible permanent damage. 

In practice, experienced anaesthetists used tactile feedback from the insertion force and 

pressure to guide the needle into the epidural space. The tactile feedback experiences 

three major periods before the needle tip entered the epidural space: (1) the force 

increased when the needle penetrated through the skin; (2) after the penetration of skin, 

the force reduced to some extent; (3) the force increased sharply when the needle 

penetrated the ligaments. Pressure test was sometimes applied continuously or 

intermittently to identify whether the needle tip had been placed into the free epidural 

space. 

6.2.2 Preclinical pilot study 

Preclinical pilot study for ultrasonic perception function was planned with a realistic pig 

lumbar model. This pig lumbar model is normally used for training of medical students 

on epidural anaesthesia procedures. In the experiments, the ultrasonic needle device U4 

was used with a 10 lb through-hole load cell (LC8100-200-10, Omega Engineering 

Limited, Manchester, UK), as shown in Figure 6-11. The ultrasonic needle device is 

compatible with 16 G and 18 G epidural needle. In the test, the ultrasonic needle was 

driven with adaptive driving at a constant current of 0.02 A, and the transformer was used 

for impedance matching. 

 

Figure 6-11 Ultrasonic needle device U4 with mounted 10 lb through-hole load cell 

and 16 G epidural needle  

Several factors were considered for this study, as shown in Table 6-1. The study was 

designed to incorporate both 16 G and 18 G epidural needles. For the insertion position, 
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we chose the lumbar and sacral interspace along the vertebrae as L3/L4, L4/L5 and L5/S1. 

The insertion operation was designed with two procedures: 

 Epidural procedure: the epidural needle was expected to go through interspinous 

ligament, ligamentum flavum and then reach the epidural space; 

 Bone procedure: the epidural needle was expected to reach the spinal bone; 

The operations were conducted with our two collaborators from Ninewells Hospitals at 

Tayside, who are (1) senior anaesthetist Dr Graeme McLeod and (2) trainee Ms Anu 

Chandra. Each test was planned to be repeated three times. 

Table 6-1 Control factors for pilot study 

Factors Items 

Epidural Needle 

16 G 

18 G 

Anatomical Position 

L3/L4 

L4/L5 

L5/S1 

Operational Procedure 

Epidural 

Bone 

Operator 

Graeme (Senior) 

Anu (Trainee) 

Before the test, a randomization method was used for experimental schedule to prevent 

the unintentional bias. Then senior anaesthetist marked the anatomical position on the pig 

skin to facilitate the needle insertion accuracy with a common epidural needle, as shown 

in Figure 6-12 (a). To identify the epidural space in the pig model, the pressure technique 
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was used during insertion, as shown in Figure 6-12 (b). The point of reaching epidural 

space came along with the released pressure in the attached syringe.  

The purpose was to compare the different responses when the needle was in contact with 

soft tissue and bone near the epidural space. Therefore, each test started when the needle 

had penetrated through the pig skin and the needle tip had been placed below the pig skin 

and pig fat. 

 

(a) (b) 

Figure 6-12 (a) Marking the anatomical position on the pig skin and (b) insertion into 

epidural space with pressure technique 

During each test, three parameters were measured synchronously in real-time: (1) 

insertion force, (2) impedance magnitude and (3) resonant frequency. The typical 

responses for both epidural procedure and bone procedure are shown in Figure 6-13.  

From the responses in the epidural procedures, it can be seen that there was an obvious 

increasing major peak in the central region B, which corresponded to the response from 

ligamentum flavum. Before this major peak, there were some small peaks in the region A 

which represented the response from interspinous ligament. After this central major peak, 

the responses relaxed to a lower level in the region C which meant that the needle had 

reached the epidural space.  
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Figure 6-13 Typical responses of insertion force, impedance magnitude and resonant 

frequency in epidural procedure and bone procedure 

In the response of bone procedures, there was a similar major peak in the central region 

B’, which represented the response of hitting the bone. Before this major peak, there were 

some small ripples in the region of A’, which corresponded to the process of needle 

insertion through the soft tissue. After this major peak, in the region of C’, the needle was 

withdrawn through the soft tissue. The correspondence between the label (A, B, C and A’, 

B’, C’) and the process was shown in Table 6-2. 
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Table 6-2 The process of epidural procedure and bone procedure during the insertion 

Epidural Procedure Bone Procedure 

A Penetration through interspinous ligament A' Penetration through soft tissue 

B Penetration through ligamentum flavum B' Hit on the bone 

C Reach the epidural space C' Withdraw through soft tissue 

It was noticed that the contours of all the responses were consistent, except the frequency 

response in bone procedure which was inversely consistent with its corresponding force 

response. Besides this qualitative evaluation the responsive curves along the time scale in 

Figure 6-13, quantitative analysis was also conducted on the total 72 tests, half of which 

were epidural or bone procedures respectively. 

The quantitative analysis was conducted with one statistic software: NCSS (NCSS-2007, 

NCSS statistical software, Utah, USA).  The test procedure was performed with a mixed 

regression model, and the significance in differences was tested on three parameters of 

insertion force, impedance magnitude and resonant frequency for different factors in 

Table 6-1. Detailed test setup and results were demonstrated with one sample report on 

the analysis of peak force, which was enclosed in the appendix as A-3.   

The analysis results on the measured peak force were shown in  

Table 6-3. From probability level on the top section, it’s seen that significant difference 

(probability level < 0.05) of force response existed in tissue and needle size, but not 

among the operator or interspace. Specifically by comparing the different types of tissue 

on the bottom section, significance of force was identified except the comparison 

between the bone and the flavum, which meant that it was hard to distinguish the force 

responses from bone and flavum by the peak forces. 
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Table 6-3 Analysis results on the significance of peak force 

Model    Prob  

Term  F-Value Level  

Tissue  28.44 <0.001  

Operator  1.22 0.272  

Interspace  1.28 0.292  

Needle_size  8.39 0.004  

  
 

    
 

 

  Comparison   Bonferroni  

Comparison/ Mean 
 

Prob  

Covariate(s) Difference F-Value Level  

Tissue:  

Bone - Epidural space 
6.719 45.96 <0.001 

 

Tissue:  

Bone - Flavum 
-1.369 1.91 0.510 

 

Tissue:  

Bone - Interspinous 
4.210 18.05 <0.001 

 

The comparison of the mean value of peak force was demonstrated in Figure 6-14, to 

examine the different factors of tissue, operator, interspace and needle size. 

 

(a) (b) 

 

(c) (d) 

Figure 6-14 Comparison of mean value of peak force by factors of (a) tissue, (b) 

operator, (c) interspace and (d) needle size 
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Then, mixed regression model analysis was done on the measured peak impedance, with 

significance test result shown in Table 6-4. From the probability level on the top section, 

it was seen that significant difference of impedance response existed for different tissues 

and needle sizes, but not among the operator or interspace. This observation was 

consistent with the results with force response. From the probability level on the bottom 

section, it was confirmed again that there was significant difference in the measured 

impedance between different tissues except the comparison between bone and flavum. 

The comparison of the mean value of peak impedance was shown with examination of 

different factors of tissue, operator, interspace and needle size, in Figure 6-15. The 

similar analysis results in the measured peak force and impedance indicated that the 

impedance had the potential to represent the loading condition, during the epidural 

anaesthesia procedure with the standard 16 G and 18 G anaesthesia needles.  

Table 6-4 Analysis results on the significance of peak impedance magnitude 

Model    Prob  

Term  F-Value Level  

Tissue  12.64 <0.001  

Operator  0.02 0.888  

Interspace  0.58 0.566  

Needle_size  34.14 <0.001  

        

  Comparison   Bonferroni  

Comparison/ Mean 
 

Prob  

Covariate(s) Difference F-Value Level  

Tissue:  

Bone - Epidural space 
11.267 27.47 <0.001  

Tissue:  

Bone - Flavum 
1.174 0.30 1.000  

Tissue:  

Bone - Interspinous 
7.958 13.70 0.001  
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(a) (b) 

 

(c) (d) 

Figure 6-15 Comparison of mean value of peak impedance by factors of (a) tissue, (b) 

operator, (c) interspace and (d) needle size 

Finally, regression analysis was performed on the measured frequency difference, which 

was defined as the difference value between the peak frequency in the central region and 

the initial frequency at the onset of each test. From the probability level on both the top 

and bottom sections in Table 6-5, it’s seen that there was always significance to 

distinguish the shown tissue types. In Figure 6-16, it’s shown the mean value of 

frequency difference from four different types of tissues. 
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Table 6-5 Analysis results on the significance of frequency difference 

Model 
 

 Prob 
 

Term  F-Value Level 
 

Tissue  27.78 < 0.001 
 

Operator  2.78 0.10  

Interspace  1.95 0.16  

Needle_size  0.96 0.33  

     

 
Comparison 

 
Bonferroni  

Comparison/ Mean 
 

Prob  

Covariate(s) Difference F-Value Level  

Tissue: 

Bone - Epidural space 
-98.361 31.10 < 0.001  

Tissue: 

Bone - Flavum 
-153.139 75.39 < 0.001  

Tissue: 

Bone - Interspinous 
-118.806 45.38 < 0.001  

 

(a) (b) 

 

(c) (d) 

Figure 6-16 Comparison of mean value of frequency difference by factors of (a) 

tissue, (b) operator, (c) interspace and (d) needle size  

Experiments with pig lumbar model and statistical analysis with mixed regression model,   

confirmed the close relationship between the insertion force response, the impedance 
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magnitude response and the resonant frequency response. This verified the feasibility of 

ultrasonic perception, especially in the application of epidural anaesthesia for tactile 

feedback facilitation. It should be noted that repeatable consistent relationship must be 

checked with each specific target in advance for a more conclusive and reliable criterion 

before the use in medical application. 

6.3 Summary 

In this chapter, a case study was conducted with the ultrasonic needle device on the 

functions of needle visualisation and ultrasonic perception, with application target of 

medical anaesthesia. Function verification was confirmed with the experimental trials on 

pig model and statistical analyses on experimental results. 

Firstly, medical needs in local anaesthesia were analysed in the example of peripheral 

nerve block anaesthesia in femoral region. Accurate identification of the needle tip’s 

position was regarded as essential for effective drug delivery and to avoid unnecessary 

nerve damage and internal bleeding due to poor imaging quality, when the needle was 

inserted deeply in tissue. The working principle of the proposed ultrasonic needle 

visualisation was expounded with the theory of Doppler Effect, when the ultrasound 

Doppler imaging was used for a better imaging of needle vibration by ultrasound 

actuation. Verification experiments with different imaging modes, different insertion 

angles and depths, different scanning approaches and especially the adaptive driving 

method, confirmed the effectiveness of the proposed ultrasonic needle visualisation 

technique. 

Secondly, medical needs in epidural anaesthesia were analysed with risk assessment. The 

tactile feedback for successful drug delivery was proposed to be implemented with the 

function of ultrasonic perception, in which the change of impedance magnitude and 

resonant frequency were used to represent the change of loading conditions. Verification 

experiments with a pig lumbar model approved the feasibility of ultrasonic perception 

with statistical analyses on the close relationship between the insertion force, impedance 

magnitude and resonant frequency responses. 

To conclude with the experimental validation and statistical analysis in the case study on 

pig model, the effectiveness of both ultrasonic perception and needle visualisation was 

confirmed when the ultrasonic needle device was operated under adaptive driving. The 
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two verified techniques were expected to implement good tactile feedback in epidural 

anaesthesia and better targeting accuracy in local anaesthesia for benefits of both medical 

practitioners and patients. 
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Chapter 7 Conclusions and Future Work 

7.1 Conclusions 

This thesis focuses on the investigation of needle-tissue interaction in ultrasound 

actuation. The study aimed to understand better the interface interaction between the 

ultrasound-actuated standard needle and the soft tissue, so as to facilitate both the medical 

instrumentation design and the improved medical benefits for patients. The investigations 

of one forward question on ultrasound actuation effect and one backward question on 

ultrasonic perception, proposed the potential application of the ultrasonic needle device in 

medical applications. The advancements and innovations in the research process are 

summarised as follows: 

Tissue characterisation 

Mechanical characterisation of Young’s modulus and fracture strain on soft tissue and 

tissue mimicking materials, confirmed the suitability of gelatine phantom, ex vivo porcine 

tissue and Thiel-embalmed tissue for their use in the following experiments: gelatin 

phantom represented a good candidate as an engineering material with high repeatability 

of Young’s modulus and fracture strain; pork tissue represented a biological material to 

work with when real tissue is expected and low variance in experiment is allowed; Thiel-

embalmed tissue also represented a good material to use for its highly similar mimicking 

ability in anatomical structure and elastic stiffness with human tissue. Tests on Thiel-

embalmed tendons and ligament demonstrated the Thiel-embalming preservation effects 

as: better perfusion into the left femoral artery leads to higher stiffness for the samples 

from the left side of body; Thiel-embalming method maintained the tissue’s softness and 

also higher stiffness response for higher strain rate. 

Piezoelectric device characterisation and performance optimisation 

System characterisation of the piezoelectric needle device on vibration performance, 

mode shape, needle analysis, and pre-stressing effect, proved it as a good design with 

Langevin structure for high power piezoelectric application. The examined analogy 

between a mechanical model and an electric model for piezoelectric transducer, 

especially the association between vibration amplitude and driving current, provided 

theoretical foundation for driving control optimisation. The implemented adaptive driving 
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system was corroborated to maintain a stable vibration performance with the functions of 

resonance tracking and vibration stabilisation in practice.  

Ultrasound actuation effect 

Ultrasound actuation effect in soft tissue was demonstrated with reduced force, less 

needle deflection and less tissue damage in the needle insertion experiments with gelatin 

phantom, ex vivo tissue and Thiel-embalmed cadaver, with confirmation through 

correlation analysis. The reduced force included both the puncture force through the 

surface and the penetration force along the insertion depth. Investigation on constitutive 

response, softening effect and friction coefficient, combined with numerical analysis, 

suggested that the reduction of penetration force may arise from the friction coefficient 

change at interaction interface.   

Ultrasonic perception 

Ultrasonic perception was proposed to detect tactile feedback based on the impedance 

magnitude and resonant frequency variations of piezoelectric needle device under 

different loading conditions. Proof of concept was demonstrated with experimental trials 

on multi-layer phantoms and pig abdomen phantom. Preclinical pilot study with a pig 

lumbar model demonstrated its potential application in epidural anaesthesia, in which 

statistical analysis revealed the close relationship between the impedance magnitude, the 

resonant frequency and the loading condition from surrounding tissues. Ultrasonic 

perception may help with better targeting accuracy in epidural anaesthesia, when imaging 

of anatomical structure is quite limited in medical ultrasound. 

Ultrasonic needle visualisation 

The function of ultrasonic needle visualisation was tested with different imaging modes, 

different insertion angles and depths, and different scanning approaches. Discontinuous 

imaging of needle shaft and imaging artefact of needle tip happened with improper 

insertion angle and depth. An adaptive driving method was tried to maintain a consistent 

image of needle shaft at different insertion depths with a constant driving current. 
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7.2 Future Work 

The delivered technical work and confirmed medical benefits in this study promises a 

good foundation for future exploration and further improvement, so that this device can 

be commercialised with real utilisation in medical hospitals and clinics for patients’ 

benefits. The recommendation of future work covers three topics as follows: 

Piezoelectric single crystal and novel vibration mode 

The vibration performance of piezoelectric Langevin transducer is mainly determined by 

the piezoelectric charge-strain constant d33. This constant d33 is about 328 pC/N for the 

polycrystalline material of PZT4; while for single crystal of PIN-PMN-PT 

(0.26Pb(In1/2Nb1/2)O3 –0.46Pb(Mg1/3Nb2/3)O3 –0.28PbTiO3) the constant d15 can reach up 

to 2190 pC/N with a novel thickness shear vibration mode. And the electromechanical 

coupling coefficient can also reach up to 0.92 for k15 (Liu et al., 2010), while the k33 value 

of conventional PZT4 is only 0.68. By modifying the transducer structure to integrate the 

d15 vibration mode, this ultrahigh piezoelectric constant can hugely improve the vibration 

performance of piezoelectric device at lower driving level for high power application. 

Ultrasonic biopsy needle 

By experimental validation, it was demonstrated in this study that ultrasonic vibration can 

reduce the needle penetration force into soft tissue with improved manoeuvrability. This 

force reduction mechanism can be tried similarly in the medical application of bone 

biopsy. Bone biopsy is carried out in hospital to collect the sample from marrow region 

as part of cancer screening process. It is always an arduous work to do with considerable 

manual force to drill through the hard cortical region. It needs careful handling with 

senior patients whose bone is brittle, when the force should be controlled in case of crack 

propagation through large region. Ultrasonic vibration can be tried for bone biopsy with 

less force for smaller fracture risk and finer cut at target with its smaller vibration 

amplitude at microns. 

System integration with better imaging algorithm 

Now, the whole driving and control system consists of signal generator, power amplifier, 

a PXIe instrument with monitor, and many probes and cables. It is hoped that the whole 
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functions can be integrated into a more compact and portable package with embedded 

technology. This will help the ease of convenient use, the functioning stability, and 

hygiene control in real medical environment.  

For the needle visualisation, the colour mapped Doppler images of needle helped us to 

identify where the needle was located. However, in real-time trials, the quality of colour 

Doppler images are subject to artefacts, which will display thicker needle shaft and 

distorted needle tip shape with some peripheral random noise. It is hoped that the 

problem can be well addressed with imaging process algorithm with statistical 

experimental verification on the accurate prediction of the needle shaft and especially the 

needle tip.  
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Appendix A-1 Dog bone shape mould by 3D prototyping (unit: mm) 
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Appendix A-2 Dog bone shape cutter (unit: mm) 
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Appendix A-3 Analysis report with mixed regression model  

Mixed Models Report 
Page/Date/Time 1    27/08/2015 19:43:40 
Database  
Response Peak_force 
Subject Random 
Repeated None 
 
Run Summary Section 
 
Parameter Value 
Likelihood Type Restricted Maximum Likelihood 
Fixed Model TISSUE+OPERATOR+INTERSPACE+NEEDLE_SIZE 
Random Model RANDOM 
Repeated Pattern Diagonal 
 
Number of Rows 144 
Number of Subjects 36 
 
Solution Type Newton-Raphson 
Fisher Iterations  5 of a possible 5 
Newton Iterations  3 of a possible 40 
Max Retries 10 
Lambda 1 
 
Log Likelihood -422.1466 
-2 Log Likelihood 844.2932 
AIC (Smaller Better) 848.2932 
 
Convergence Normal 
Run Time (Seconds) 6.5546875 
 
Report Definitions 
Likelihood Type: The likelihood equation that was solved. 
Fixed Model: The model entered as the fixed component of the mixed model. 
Random Model: The model entered as the random component of the mixed model. 
Repeated Pattern: The repeated component structure in the mixed model. 
Solution Type: The method used for finding the (restricted) maximum likelihood solution.  
Fisher Iterations: The number of iterations in the Fisher Scoring portion of the maximization. 
Newton Iterations: The number of iterations in the Newton-Raphson portion of the maximization. 
Retries: The number of times that the variance/covariance parameters could be reset during each 
iteration. 
Lambda: The parameter used in the Newton-Raphson process to specify the amount of change in 
parameters between iterations. 
Log Likelihood: The log of the likelihood of the data given the variance/covariance parameter 
estimates. 
AIC: The Akaike Information Criterion for use in comparing model covariance structures. 
Convergence: 'Normal' indicates that convergence was reached before the limit. 
Run Time: The amount of time it took to reach convergence. 
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Mixed Models Report 
Page/Date/Time 2    27/08/2015 19:43:40 
Database  
Response Peak_force 
Subject Random 
Repeated None 
 
Random Component Parameter Estimates (G Matrix) 
 
Component Parameter  Estimated Model 
Number Number  Value Term 
1 1  10.8161 Random 
 
Repeated Component Parameter Estimates (R Matrix) 
 
Component Parameter  Estimated Parameter 
Number Number  Value Type 
1 1  17.6789 Diagonal (Variance) 
 
Report Definitions 
Component Number: The number assigned to each random/repeated component. 
Parameter Number: Identifies parameters within a component when the random/repeated 
component model results in more than one parameter for the component. 
Estimated Value: The estimated random/repeated variance component. 
Model Term: The name of the random term being estimated. 
Parameter Type: Describes the structure of the R matrix estimated. 
 
 
Term-by-Term Hypothesis Test Results 
 
Model  Num Denom Prob 
Term F-Value DF DF Level 
Tissue 28.4381 3 101.5 0.000000 
Operator 1.2194 1 122.6 0.271636 
Interspace 1.2834 2 30.2 0.291802 
Needle_size 8.3938 1 122.6 0.004461 
 
These F-Values test Type-III (adjusted last) hypotheses. 
 
Report Definitions 
Model Term: The name of the term in the model. 
F-Value: The test statistic value corresponding to the L matrix used for testing the model term. 
Num DF: The numerator degrees of freedom for the F test. 
Denom DF: The denominator degrees of freedom for the F test. 
Prob Level: The hypothesis test P-value. 
 
 
 

Individual Comparison Hypothesis Test Results 

  

 

Comparison 

  

Raw Bonferroni 

Comparison/ Mean 

 

Num Denom Prob Prob 

Covariate(s) Difference F-Value DF DF Level Level 

Tissue 

 

28.4381 3 101.5 0 

 Tissue: Bone - 
Epidural space 

6.7189 45.9635 1 101.5 0 0.000000 [3] 

Tissue: Bone - Flavum -1.3692 1.9087 1 101.5 0.170144 0.510431 [3] 
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Mixed Models Report 
Page/Date/Time 3    27/08/2015 19:43:40 
Database  
Response Peak_force 
Subject Random 
Repeated None 
 

Individual Comparison Hypothesis Test Results 

  

 

Comparison 

  

Raw Bonferroni 

Comparison/ Mean 

 

Num Denom Prob Prob 

Covariate(s) Difference F-Value DF DF Level Level 

Tissue: Bone - 
Interspinous 

4.2103 18.0484 1 101.5 0.000048 0.000144 [3] 

 
      Operator 

 

1.2194 1 122.6 0.271636 

 Operator: Anu - Graeme -1.0897 1.2194 1 122.6 0.271636 0.271636 [1] 

 
      Interspace 1.2834 2 30.2 0.291802 

 Interspace: 3/4' - 4/5' 1.7527 1.2098 1 30.2 0.280081 0.560162 [2] 

Interspace: 3/4' - 5/1' 2.484 2.4298 1 30.2 0.129482 0.258964 [2] 

 
      Needle_size 8.3938 1 122.6 0.004461 

 Needle_size: 16g - 18g 2.8589 8.3938 1 122.6 0.004461 0.004461 [1] 

 
 
These F-Values test Type-III (adjusted last) hypotheses. 
 
Report Definitions 
Comparison/Covariate(s): Illustrates the comparison being made. 
Comparison Mean Difference: The difference in means for each comparison. 
F-Value: The test statistic value corresponding to the L matrix used for testing the model term. 
Num DF: The numerator degrees of freedom for the F-test. 
Denom DF: The denominator degrees of freedom for the F-test. 
Raw Prob Level: Gives the strength of evidence for a single comparison, unadjusted for multiple testing. 
Bonferroni Prob Level: Gives the p-value adjusted to multiple tests. The number in brackets (e.g. [4]) 
denotes the number of tests for which the raw prob level was adjusted. 
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Mixed Models Report 
Page/Date/Time 4    27/08/2015 19:43:40 
Database  
Response Peak_force 
Subject Random 
Repeated None 
 

Least Squares (Adjusted) Means 

  

   

95.00% 95.00% 

 

  

Standard Lower Upper 

 

  

Error Conf. Limit Conf. Limit 

Name Mean of Mean for Mean for Mean DF 

Intercept 

     Intercept 5.9119 0.6506 4.5836 7.2403 30.2 

Tissue 

     Bone 8.3019 0.8897 6.5341 10.0698 88.7 

Epidural 
space 

1.5831 0.8897 -0.1848 3.3509 88.7 

Flavum 9.6711 0.8897 7.9032 11.439 88.7 

Interspinous 4.0917 0.8897 2.3238 5.8595 88.7 

Operator 

     Anu 5.3671 0.8165 3.7266 7.0076 49.4 

Graeme 6.4568 0.8165 4.8163 8.0973 49.4 

Interspace 

    3/4' 7.3242 1.1268 5.0234 9.6249 30.2 

4/5' 5.5715 1.1268 3.2707 7.8722 30.2 

5/1' 4.8402 1.1268 2.5395 7.1409 30.2 

Needle_size 

    16g 7.3414 0.8165 5.7009 8.9819 49.4 

18g 4.4825 0.8165 2.842 6.123 49.4 

 
      

 
Report Definitions 
Name: The level of the fixed term. 
Mean: The estimated (adjusted) mean at the specified covariate value(s). 
Standard Error of Mean: The estimated standard error of the adjusted mean. 
95.0% Lower (Upper) Conf. Limit for Mean: The confidence limits for the mean estimate. 
DF: The degrees of freedom used in confidence interval calculations. The degrees of freedom are 
calculated using the method of Kenward and Roger (1997). 
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Mixed Models Report 
Page/Date/Time 5    27/08/2015 19:43:43 
Database  
Response Peak_force 
Subject Random 
Repeated None 
 
Means Plots 
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