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ABSTRACT OF THE DISSERTATION 

 

 

 

Fine Needle Elastography (FNE) for biomechanically determining needle insertion 

forces and quantitative assessment of intranodular heterogeneity in tissue mechanical 

properties 

 

 

By 

 

 

Dayan Jayasanka Wickramaratne 

Doctor of Philosophy in Biomedical Engineering 

University of California, Los Angeles, 2014 

 

Professor Jacob Schmidt, co-chair 

Professor James K Gimzewski, co-chair 

 

 

Diseased tissues exhibit changes in mechanical properties and thus possess clinical 

diagnostic significance. This dissertation focuses mainly on thyroid nodules that are 

commonly found in about 19-67% of the population and 5-10% of which are carcinoma. 

Currently the primary method of thyroid nodule diagnosis - Fine Needle Aspiration Cytology 

(FNAC). FNAC has much room for improvement of diagnostic accuracy due to 15-32% 

nondiagnostic results and 20-30% indeterminate (suspicious) reports that lead for many 

complications for the patients. Furthermore, there is a wealth of variation of mechanical 
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properties unique to different kinds of thyroid malignancies that are inaccessible with other 

existing methodologies. This dissertation introduces the novel concept of Fine Needle 

Elastography (FNE) and presents the design and development of a FNE Device prototype 

integrated with a FNAC needle that allows for quantitative and sensitive assessment of 

tissues and materials based on local variations in elastic, friction, and cutting forces on 

needle insertion. A piezoelectric force-sensor at the base of FNA needle measures the forces 

opposing needle penetration with the micrometer-scale resolution. The axial resolution 

(~20μm) of FNE device was tested using control mm size gelatin matrices and unripe pear in 

assessing needle penetration resistance, force heterogeneity and optimization of needle 

penetration velocity. Further, it is demonstrated the usefulness of FNE in quantitative, 

biomechanical differentiation of simulated thyroid tumor nodules in an ultrasound neck 

phantom. Fluid or solid nodules were probed in the phantom study coupled with real-time 

ultrasound guidance. The preliminary FNE data shows significantly higher force and stiffness 

variations (1-D Force Heterogeneity; HF,a=6.5mN, HF,q=8.25mN and Stiffness Heterogeneity; 

HS,a=0.0274kN/m, HS,q=0.0395kN/m) in solid nodules compared either to fluid nodules or to 

regions corresponding to simulated healthy thyroid tissue within the ultrasound phantom. 

Further investigation of the utility of the device in a proper clinical setting with excised thyroid 

tissue and in vivo testing of human subjects with different kinds of thyroid carcinoma can be 

used to develop a database of FNE data relating to each kind of thyroid nodule. The 

preliminary results suggest future applications of the FNE Device for in vivo FNE biopsies 

based on force and stiffness heterogeneity to diagnose thyroid nodules as an ancillary 

diagnostic tool in thyroid cancer management. FNE methodology could be potentially 

extended to diagnosis and management of other percutaneous diagnosis methodologies in 

diagnosing breast cancer, liver cancer etc. 
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INTRODUCTION 
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1. Introduction 

 

There are many forms or superficial tumors that occur in different organs in the human body, 

incidentally diagnosed by palpation, where a physician senses through a patient's body 

using fingers. Among these, some commonly found tumors are found in breasts, liver and 

thyroid gland. Thyroid tumors are present in 19 - 67% of the population(Tan and Gharib 

1997; Gharib, Papini et al. 2010), however only 4 - 7% of that is diagnosed by palpation and 

about 30 - 50% is diagnosed incidentally by ultrasonography(Mazzaferri 1993; Ezzat, Sarti et 

al. 1994; Clark, Cronan et al. 1995). And only about 5 -10% of these are found to be 

carcinoma(Cooper, Doherty et al. 2006). 

 

The primary level of diagnosis for thyroid cancer, palpation, is by nature a mechanical test.  

On finding a solid nodule by palpation, a general practitioner refers a patient for an 

Ultrasound (US) of the thyroid. Ultrasound is inherently a mechanical imaging mode, since 

reflections from tissue occur only where there are significant variations in density or elastic 

modulus. Sonographers will invariably note the presence of calcification in thyroid nodules 

since these hard, dense localizations within the solid nodule are both highly visible in this 

imaging modality and highly correlated with various carcinomas of the thyroid.  

Ultrasonography can be used to determine the presence of non-palpable nodules as small 

as 1 mm within the thyroid tissue. A third level of screening that is conducted is an 

ultrasound-assisted biopsy by fine needle aspiration cytology (FNAC) which is known as the 

“gold standard” for thyroid nodule diagnosis and management(Amrikachi, Ramzy et al. 

2001). In this procedure, a hollow needle with a concentric stylette is inserted into the nodule 

several times, while drawing back the stylette so that the suction induced by the stylette 

draws a small sample of cells into the hollow needle. The aspirated cells are usually 

smeared onto a microscope slide in preparation for subsequent cytological evaluation and 

diagnosis based on cell morphology. However FNAC procedure has about 20 - 30% 
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indeterminate results (Gharib, Goellner et al. 1984; Gharib and Goellner 1993; Polyzos, Kita 

et al. 2007) due to several reasons, including overlapping morphological features in papillary 

and follicular carcinoma with benign tumors. Only about 25%(Gharib and Goellner 1993) of 

these indeterminate cases found to be actual carcinoma by post surgery histopathological 

analysis. 

 

A significant motivation for this line of research was inspired by the previous work by 

Ragavendra et al.,(Ragavendra, Ju et al. 2008) who noted significant differences in haptic 

perception on insertion of FNA needles into benign and malignant thyroid tumors, describing 

healthy tissues as having the feel of inserting a needle into gelatin, and malignant tumors as 

having the feel of inserting a needle into an unripe pear. When a needle cuts tissue, the 

process follows a distinctive pattern. First the needle pushes the tissue, increasing the 

insertion force steadily. During this phase, the tissue deforms until the stress limit is reached. 

Then, the needle punctures the tissue and advances into it followed by tissue relaxation. A 

puncture is observed as a sharp drop in insertion force. Mainly there are three kinds of 

forces acting on a needle inserted into soft-tissue, i.e., stiffness force, frictional force and the 

cutting force at the tip of the needle. The total force for needle insertion depends mainly on 

the local biomechanical properties of the tissue amongst few other factors. Thus, the haptic 

perception due to this total force is correlated with the local biomechanical properties of the 

tissue. Though qualitative in nature, Ragavendra and coworkers were able to correlate this 

mechanical approach to final cytological diagnosis with thyroid cancer detection sensitivity of 

0.81 and specificity of 0.89.Based on the predominant success of other mechanical methods 

in diagnosing superficial cancers, and specifically the previous work by Ragavendra and 

coworkers, quantitative measurement of forces on insertion of the FNA needle can further 

enhance the sensitivity and specificity of mechanical methods in discriminating between 

benign and malignant tissues. 
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As further motivation for this line of research, it is possible to make a size-scale argument 

that there is a wealth of variation in mechanical properties on the 10’s of μm scale that is 

below the resolution of ultrasound to detect. On the cellular level, cancer cells are more 

compliant than their healthy counterparts (Ward, Li et al. 1991; Rosenbluth, Lam et al. 2006; 

Cross, Jin et al. 2007; Lekka, Gil et al. 2012). However, noting that tumors are typically less 

complaint than the corresponding tissue, the response on the mm scale is likely dominated 

by stiff structural elements in the peripheral stroma (e.g. collagen)(Butcher, Alliston et al. 

2009; Erler and Weaver 2009; Levental, Yu et al. 2009).  This notion is consistent with the 

increase in matrix deposition and cross-linking observed during cancer progression(Paszek, 

Zahir et al. 2005). Furthermore, previous studies reported that malignancies display 

mechanical heterogeneity in line with the histological appearance and a characteristic lower 

stiffness peak in areas with densely packed tumor cells and little intervening stroma. Normal 

glandular epithelium and benign solid lesions on the other hand exhibit a unimodal but 

distinct stiffness distribution(Plodinec, Loparic et al. 2012).  Conceptually, as the needle tip 

passes through a region of healthy cells, measured elastic forces will be smaller than 

otherwise would be for healthy tissue, whereas the needle measures significantly higher 

forces than for healthy tissue on passing through peripheral stroma. The net result is a 

significant increase in the heterogeneity of local forces on the 10’s (Ward, Li et al. 1991)of 

μm size scale as the needle passes through a malignant nodule. Therefore, it is highly 

desirable to explore the needle insertion forces in that size scale, which will enable us to 

quantitative assessment of local heterogeneity of tissue. 

 

Much work has been done recently to extend the capability of ultrasound to measure 

quantitative elastic properties in vivo in an approach called elastography(Kwak and Kim 

2014), which I will here refer to as ultrasound elastography (UE).  In the approach, elastic 

deformation is measured via ultrasound, and the resulting deformations are used to compute 

the local stiffness of the tissue at the resolution of medical ultrasound (0.2 to 0.3 mm at 5 -12 

MHz) (Choi, Kim et al. 2009). At this size scale, healthy tissues exhibit lower stiffness than 
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tumors. UE has yielded promising results in diagnosis of breast cancer(Bercoff, Chaffai et al. 

2003; Thomas, Fischer et al. 2006), liver lesions(Kawamoto, Mizuguchi et al. 2006) and 

pancreatic cancer(Giovannini, Hookey et al. 2006). However, since UE must measure 

deformation via ultrasonography, it is unable to detect the heterogeneity that is present on 

the size scale of interest (10-100 μm). 

 

Because of the recent clinical and research interest in the mechanical properties of cells and 

tissues, and inspired and motivated by both the promising results from Ragavendra et al., 

and the size scale argument presented above, we investigated mapping the quantitative 

insertion forces for developing a simple low-cost technology, potentially for in vivo cancer 

diagnosis of superficial solid tumors found in thyroid, breast and liver. Scope of this 

dissertation is to provide background information, exploring different possible technologies to 

quantification of local heterogeneity of biomechanical properties of tissue, selecting best 

technologies and data analysis methods to put together to ultimately provide information on 

developing a hand-held Fine Needle Elastography(FNE) diagnostic device. 

 

We have developed the initial FNE device prototype, which has simple configuration of a 

calibrated force sensor at the base of a FNA needle for quantitative assessment of insertion 

forces and tissue heterogeneity, as an improvement over haptic perception. The approach is 

validated using two types of samples. Inspired by the description of the FNA needle haptic 

approach(Ragavendra, Ju et al. 2008), we initially determined the measurement precision 

and resolution of the device with mm scale gelatin matrices and unripe pear embedded 

within gelatin to assess the needle insertion forces. Next, we further evaluated the 

usefulness of quantitative FNE in biomechanically differentiating different types of thyroid 

nodules using an ultrasound neck phantom. Simulated fluid and solid nodules within this 

ultrasound phantom were probed using a portable ultrasound for guidance. Our results show 

significantly higher force variations with distance (1-D Force Heterogeneity; HF,a= 6.5 mN, 

HF,q= 8.25 mN and Stiffness Heterogeneity; HS,a= 0.0274 kN/m, HS,q= 0.0395 kN/m) in solid 
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nodules compared either to the fluid nodules or to the regions corresponding to healthy 

thyroid tissue within the phantom at the micro-scale level under the experimental conditions.  

 

The dissertation is arranged as follows. In the first chapter I introduced the basics of novel 

concept FNE and secondly I present the background information including related work done 

by other researchers over the years, leading to the motivation for this line of research and 

explaining the need of it due to unavailability of other technologies for this aspect 

considering limitations of existing other methods. Then in chapter 3 - experimental 

methodology, I further explain the novel technique - Fine Needle Elastography (FNE), the 

experimental set up, including the design of the initial prototype of FNE diagnostic device. 

Next, in chapter 4, the design of experiments and their results are presented. Finally in 

chapter 5, I present a discussion and conclusion, including projected directions for the future 

research. 
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2. Background and Motivation 

2.1 Background and Related work 

 

Thyroid nodules are present in 19 - 67% of population(Tan and Gharib 1997) and usually 

palpable if the nodule is larger  than 1cm in diameter from which only about 4-7% is found by 

palpation. However finding a nodule by palpation depends on few factors such as its location 

within the thyroid lobe, expertise level of the physician/clinician and the structure of the 

patient’s neck depending on their age, body mass, gender etc.(Brander, Viikinkoski et al. 

1992; Schneider, Bekerman et al. 1997) There is a 15% lifetime risk of developing a thyroid 

nodule for an average person in which about 5 - 10% nodules are found to be malignant. 

(Vander, Gaston et al. 1968; Werk, Vernon et al. 1984; Belfiore, Giuffrida et al. 1989; Morris, 

Ragavendra et al. 2008). Annually thyroid carcinoma is found in about 1-2 persons per 

100,000 population, which is about 90% from the total malignancies of the entire endocrine 

system, 1% of total human malignancies and about 0.5% of total deaths from cancer 

malignancies.(Landis, Murray et al. 1998; Wong and Wheeler 2000).  In general thyroid 

nodules are considered to be not very aggressive, however malignancies in thyroid nodules 

account for more deaths than any other malignancies of the entire endocrine system(Wong 

and Wheeler 2000). 

 

Since past couple decades, use of Ultrasound (US) in finding thyroid nodules had been 

increased, which in turn increased the prevalence of thyroid nodules within a range of 20% – 

67% in randomly selected populations. Thus, finding a thyroid nodule in a patient incidentally 

by US (may be during scan for other conditions within the neck region but not related to 

thyroid) has become more common.(Carroll 1982; Brander, Viikinkoski et al. 1991; Ezzat, 

Sarti et al. 1994; Tan and Gharib 1997). Furthermore, about 20% - 48% patients with 

clinically palpable solitary thyroid nodules, are found to have additional nodules detected 

during the ultrasound scan, which might not have been diagnosed by palpation due to their 
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smaller size or non-superficial location.(Abolhassani, Patel et al. 2007). In addition, it is 

found by surveys based on autopsies that the prevalence of thyroid nodules in patients with 

no history of thyroid disease is to be 37- 57%.(Rice 1932; Mortensen, Woolner et al. 1955).  

Women, elderly people and populations in iodine deficient regions are found to be more 

prone to be diagnosed for thyroid nodules(benign or malignant) and also history of neck or 

head irradiations in childhood has shown to have increased chance of developing thyroid 

nodules later in the lifetime.(Schneider, Shore-Freedman et al. 1985; Wang and Crapo 

1997). Although thyroid nodules are found in any population very commonly, as mentioned 

before there is only about 5 - 10% chance for a thyroid nodule to be malignant. The main 

risk factors found to have increased chances of malignancies are as follows: age of under 30 

or over 60 years(McHenry, Smith et al. 1988; Belfiore, La Rosa et al. 1992; Pazaitou-

Panayiotou, Kaprara et al. 2005), male sex (8% versus 4% in female sex)(Belfiore, La Rosa 

et al. 1992; Tuttle, Lemar et al. 1998; Kumar, Daykin et al. 1999), childhood history of head 

or neck irradiations(McHenry, Smith et al. 1988; Schneider 1990) and family history of 

medullary thyroid carcinoma or multiple endocrine neoplasia type 2.(Lairmore and Wells 

1991). 

 

In the majority of the cases, thyroid carcinoma is clinically presented as a solitary or 

dominant nodule within the thyroid gland(Polyzos, Kita et al. 2007). Two main types of 

thyroid carcinoma which accounts for 90% of the malignancies are papillary thyroid 

carcinoma and follicular thyroid carcinoma in which the papillary thyroid carcinoma in 

younger patients( under 40) is found to have better prognosis with a 25 year mortality less 

than 2% after surgical excision(Hay, Grant et al. 1987). 

 

Once a thyroid nodule is found in a patient, either by palpation or incidentally by US, it will go 

through a series of protocols, which is summarized in stepwise diagnosis and management 

diagram for a thyroid nodule in Figure 1 (Gharib and Goellner 1993; Welker and Orlov 2003; 

Hegedus 2004; Polyzos, Kita et al. 2007; Cooper, Doherty et al. 2009). 
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Figure 1 Thyroid Nodule Diagnosis and Management 
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Primarily thyroid nodules are mainly found during a physical examination by palpation or 

incidentally during an ultrasound scan. However assessing a thyroid nodule for malignancy 

by clinical evaluation has less accuracy(Polyzos, Kita et al. 2007). As shown in Figure 1, 

after finding a thyroid nodule by palpation, a physician usually recommends an FNAC and/or 

Ultrasound scan of the thyroid as the next level of diagnosis. Nonetheless, if the thyroid 

nodule is found to be highly clinically suspicious for malignancy, may be also depending on 

the patient history, they will undergo surgical treatment irrespective of the FNAC 

result(Hamming, Goslings et al. 1990). Size of nodule, increase of nodule size, hardness 

and firmness of the nodule, distant metastases, dysphagia, obstruction, local pain and 

Horner’s syndrome are the main clinical indications of suspicious malignancy (Hegedus 

2004; Pacini, Schlumberger et al. 2006). However, a sudden increase in nodule size is more 

indicative of hemorrhage within the nodule, thus not recommended for surgery (Mazzaferri, 

de los Santos et al. 1988; Mazzaferri 1993). 

 

 

2.2 FNAC (Fine Needle Aspiration Cytology) *1 

 

Fine Needle Aspiration Cytology (FNAC) is considered the “gold standard” (Castro and 

Gharib 2003) in diagnosis of thyroid nodules since it is the most accurate and cost-

effective(Hamberger, Gharib et al. 1982; Ng, Lim-Tan et al. 1989; Caplan, Kisken et al. 

1991; Rimm, Stastny et al. 1997; Bajaj, De et al. 2006; Khalid, Hollenbeak et al. 2006) pre-

operative investigation method available for thyroid nodules.  It has shown very high mean  

sensitivity and specificity values, 65% and 92% respectively with low false positive(mean 

3%) and false negative ( mean, 5%) (Gharib and Goellner 1993). 

 

 

 

                                                        
*1 Also known as FNAB(Fine Needle Aspiration Biopsy) 
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There are many variations of FNAC technique found in literature(Wu and Burstein 2004; 

Cesur, Corapcioglu et al. 2006; Izquierdo, Arekat et al. 2006; Sangalli, Serio et al. 2006; 

Polyzos, Kita et al. 2007). Below is a brief explanation of the protocols follows during FNAC 

technique, considering the literature and observations of FNAC procedure at Ronald Regan 

UCLA Medical Center, performed by well experienced physician, Dr. N Ragavendra. 

 

FNAC procedure 

 The nodule is carefully evaluated regarding size, consistency, mobility and distance 

from the surface of the skin and accordingly a suitable needle length and caliber is 

selected. ( usually 23 – 27 gauge) *2 

 Patient is laid on supine position; neck flexed backward allowing maximal exposure 

of the thyroid lesion 

 Examining gloves should be used during the procedure, and tip of the glove fingers 

and the skin of the patient is wiped and cleaned thoroughly with alcohol 

 Ultrasound probe is held from the side of the nodule, for proper visualization of the 

needle path. 

 A 25G hollow needle with a stylette inside is inserted into the nodule by holding it 

with the thumb and first finger. 

 Once the needle tip reaches the intranodular region, the stylette is withdrawn while 

the hollow needle tip is held still in the intranodular region. This creates a vacuum 

inside the hollow needle, inducing suction of cells into the needle. 

 Then the needle is repetitively moved 3 - 4 times rather vigorously within the nodule 

while observing the tip on the sonogram. The direction of the needle is slightly 

changed to collect a well-represented specimen from different areas of the nodule. 

 The material collected is expelled onto a middle of a glass slide for cytological 

analysis. 

 The final report can be rendered within 24 hours. 

                                                        
*2 At UCLA Hospital, a 25G (0.5mm outer diameter) needle of 50mm length was typically used. 
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Use of ultrasound to observe the needle position has improved the diagnostic accuracy of 

FNAC over the past few decades (Carmeci, Jeffrey et al. 1998; Danese, Sciacchitano et al. 

1998; Chow, Gharib et al. 2001; Mittendorf, Tamarkin et al. 2002; Baskin 2004; Izquierdo, 

Arekat et al. 2006). Figure 2 and Figure 3 shows a demonstration and an actual 

performance of the US guided FNAC procedure conducted by well-experienced physician. 

Dr. Ragavendra at Ronald Regan UCLA Medical Center. 

 

 

Figure 2 Step by step demonstration of a Fine Needle Aspiration Cytology (FNAC) using 

25G needle with an anthropomorphic ultrasound phantom neck (includes artificial solid and 

fluid lesions) performed by well experienced and highly skilled in FNAC, physician Dr. 

Nagesh Ragavendra at Ronald Regan UCLA Medical Center. Two fluid nodules appear as 

black circles on the ultrasound screen, while the needle tip path can be seen by white 

contrast line through the nodules. (The extra needles seen on the images are only a part of 

the previous demonstration, actual performance usually involves only one biopsy needle) 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

There are two main limitations of FNAC. As shown in 

results or non-diagnostic results, where the 

assessment. Even though the criteria for considering diagnostic adequacy of a specimen 

varies among institutions(Goellner, Gharib et al. 1987; Hall, Layfield et al. 1989; MacDonald 

and Yazdi 1996), there are up to 20% such cases where the FNAC specimens are 

inadequate which leads t

complications(Gharib and Goellner 1993)

diagnostic specimen from a cystic nodule or vascular lesions compared to solid nodules 

(Rosen, Wallace et al. 1981; Rosen, Provias et al. 1986; de los Santos, Keyhani

al. 1990). UCLA group of researchers found that the frequency of inadequate smears was 

15% and 32% for hospital

respectively(Hall, Layfield et al. 1989)

aspiration skill is very important factor in getting a diagnostic result in FNAC.

 

Figure 3 Fine Needle Aspiration Cytology (FNAC) 

performed by Dr. Nagesh Ragavendra at Ronald Regan 

UCLA Medical Center. Picture reproduced with the written 

permission of the authors (Ragavendra, Ju et al. 2008).
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The next major issue with FNAC is indeterminate (suspicious) results (Ashcraft and Van 

Herle 1981; Block, Dailey et al. 1983; Goellner, Gharib et al. 1987; Gharib and Goellner 

1988; Ravinsky and Safneck 1990) , which accounts for about 20% - 30% (Gharib, Goellner 

et al. 1984; Gharib and Goellner 1993; Polyzos, Kita et al. 2007) of the cases. Indeterminate 

results mostly occur due to the cytopathologic difficulty in differentiating overlapping 

cytological features in malignant and benign Hṻrthle or follicular neoplasms. As shown in 

Figure 1, most of the time the indeterminate (suspicious) FNACs lead to surgery. However, 

only about 25% of the nodules with indeterminate cytological findings are found to be 

malignant  by histological findings after surgery(Gharib and Goellner 1993). This means the 

majority of indeterminate surgeries are benign lesions, which leads to many complications 

for the patients, including increased unnecessary medical costs, having to spend the rest of 

their life with artificial thyroid hormones, etc. 

 

 

Another couple of minor limitations of FNAC are ‘False-Negative’ and ‘False-Positive’ 

diagnosis. More importantly, False-negative rate is the percentage of patients with a ‘benign’ 

cytological diagnosis, however confirmed to have actual malignant lesions from histological 

findings.  This could occur due to sampling error (Goellner, Gharib et al. 1987; Hall, Layfield 

et al. 1989) or interpretive mistakes (Hamburger and Hamburger 1986; Goellner, Gharib et 

al. 1987; Hall, Layfield et al. 1989). It is found that the false negative rate ranges from 1.3% 

to 11.5% with an average rate of 5.2% (Gardiner, de Souza et al. 1986; Hawkins, Bellido et 

al. 1987; Khafagi, Wright et al. 1988; Hall, Layfield et al. 1989; Altavilla, Pascale et al. 1990; 

Caplan, Kisken et al. 1991; Gharib and Goellner 1993). And false positive rate has an 

average of 2.9%. 
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Summarizing above mentioned limitations of FNAC, we can see that there is about 20% 

non-diagnostic (inadequate specimens) results, about 20 – 30% of indeterminate 

(suspicious) diagnostic results and about 2.9% false positive diagnostic results. All these 

limitations lead to many complications, implying that there’s much room for improvement in 

thyroid cancer diagnosis and management. 

 

 

 

2.3 Ultrasonography 

 

Medical ultrasound (US) uses sound waves of frequencies beyond the audible limit of 

humans which is 20 kHz. Typical medical US waves are in the range of 5 – 12MHz. Basic 

principle behind the ultrasonography is transmitting ultrasonic waves through the skin and 

reading back the reflected waves. These reflections give rise to contrast in the 2 dimensional 

US image, representing the contrast in local variations of mechanical properties of the 

tissue. Most common mode of operation currently used in medical evaluations is B-mode or 

brightness mode Ultrasound(Morris, Ragavendra et al. 2008) which provides structural 

information utilizing different shades of gray (or different brightness levels) in a two-

dimensional image. Amount of reflection and propagation of an US wave depends on the 

type of tissue within the body, specifically the acoustic impedance of the tissue(Abu-Zidan, 

Hefny et al. 2011). Acoustic impedance is a function of density of the material as per the 

equation (2.1) below. 

 

� =  ��                                    (2.1) 

Where; Z – acoustic impedance 

  ρ – density of the medium 

  v – propagation velocity of the ultrasound within the medium 
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The higher the density, the higher the acoustic impedance, thus higher the resistance to 

propagation of ultrasound waves through a medium. Typical traversing velocity for 

ultrasound waves within soft tissue is about 1540 m/s (Bamber and Hill 1979; Bamber 1981; 

Herbener 1996). 

 

The amount of ultrasound waves reflected at the surface between two kinds of tissue 

depends on the reflection coefficient (R) between the surfaces. The reflection coefficient is a 

function of the differences of acoustic impedances of the two kinds of tissue. The higher the 

difference of acoustic impedances at the interface, the higher the amount of the sound that 

striking this interface will be reflected. The equation (2.2) and equation (2.3) below shows 

the relationship between reflection coefficient (R) to acoustic impedances (Z) and thus to 

densities of the media. 
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�     =     �
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���� + ����
�                                                                   (2.3) 

 

Where;  

 R – Intensity reflection coefficient between the surfaces 

Z1, Z2 – acoustic impedances of the first and second types of soft tissue 

ρ1, ρ2 – densities of the first and second types of soft tissue 

c – Speed of ultrasound wave travel through the tissues 
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Acoustic coupling agents are commonly used to improve the transmittance of the ultrasound 

waves from the transducer through the skin. Most commonly used acoustic coupling agents 

are ultrasound gel and water bath. Without these agents, most of the ultrasound waves may 

be reflected back at the skin interface. 

 

As evident from equations (2.2) and (2.3), it is clear that the acoustic impedance of a 

material represents its local mechanical properties, due to its relationship for the density of 

the medium. Density also related to the stiffness of the material. And the reflections of an 

ultrasound image represent the variations of acoustic impedances at various tissue 

interfaces. Thus, ultrasound imaging can be considered as a mechanical imaging mode, 

where it shows the contrast of local variations of biomechanical properties (stiffness, density, 

etc.) of soft tissue. Therefore use of an ultrasound neck phantom which is made to 

ultrasonically imitate various tissue properties (malignant and benign tumors, cysts, solid 

tumors, etc) as one of our preliminary specimens to validate Fine Needle Elastography 

(FNE) technique is well justified. This will be furthermore explained in a later chapter. Also 

as the resolution of ultrasound depends on the frequency of the ultrasound used and 

typically it is around few millimeters (60 -150um for 5 – 12 MHz). Therefore, this is beyond 

the size scale of interest in Fine Needle Elastography (FNE), to measure elastic properties 

of tissue in the micrometer scale. 
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2.4 Scintigraphy (Thyroid scan) 

 

 Scintigraphic scanning is used to find a nodule for the functionality, a technique more 

commonly used in European countries than in America. The technique involves oral 

administration or intravenous injection of elements such as Iodine-123, Iodine-131 or 

technetium-99m-labeled pertechnetate and radionuclide scanning using low-energy parallel 

hole collimator(Kasagi, Shimatsu et al. 1999). Functioning nodules are referred to as ‘Hot’ 

and nonfunctioning nodules as ‘Cold’. In general functioning, nodules are nearly always 

benign whereas ‘cold’ nodules have a much higher risk of being malignant(Hegedus 2004). 

 

 

 

2.5 Elastography 

 

For many centuries, palpation has been used by physicians to detect abnormal regions of 

increased stiffness (Young’s modulus) as an indicator of cancers. The concept of elasticity 

imaging of soft tissue was developed first as a qualitative and then currently as a 

quantitative technique to map tissue elastic properties, thus potentially adding new clinically 

useful information to the interpretation of ultrasound, MRI, CT and etc(Gao, Parker et al. 

1996). Gao et al proposed the term “elastography” as for the general field of elasticity 

imaging. Another way to look at elastography is as a method of ‘electronic palpation’, 

according to Asteria et al, since it represents stiffness information of the tissue (Asteria, 

Giovanardi et al. 2008). Since elastography is a more recent field, I wish to provide with 

some background information to the field in this chapter relating it to the use in thyroid 

cancer diagnostics. 
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Elastographic imaging can be performed utilizing different modalities such as 

Ultrasound(US), Magnetic Resonance Imaging (MRI) and optics, employing different 

methods of tissue excitations and extracting various parameters of tissue motion(Gao, 

Parker et al. 1996). However, it is apparent that most commonly used modality is with 

Ultrasound may be due to its simplicity and common availability. 

 

Generally malignant lesions are found to have markedly different mechanical properties than 

benign lesions and surrounding tissue. Some in vitro studies have indicated that malignant 

neoplasms are characterized by 10-fold greater stiffness than their surrounding healthy 

counterparts (Asteria, Giovanardi et al. 2008). Therefore, elastography techniques - the 

study of elastic properties of different kinds of tissue and their intranodular variations and 

quantitative assessment of these properties has a great potential in differentiating malignant 

and benign tissue. 

 

 

2.5.1 Ultrasound Elastography (UE) 

 

Ultrasound Elastography (UE) is a newly developed dynamic imaging technique to 

reconstruction of tissue elastic properties by measuring the degree of tissue deformation in 

response to the application of an external force. This technique is mainly based upon the 

principle that the softer parts of tissues deform easier than the harder parts under 

compression, thus allowing an objective determination of tissue consistency (Lerner, Huang 

et al. 1990; Ophir, Alam et al. 1999). UE in its early stages has shown very promising results 

in mapping elastic properties of tissue(Lerner, Huang et al. 1990; Parker, Huang et al. 1990; 

Lee, Bronson et al. 1991; Ophir, Cespedes et al. 1991), and currently has evolved into real-

time free-hand UE(Pesavento, Perrey et al. 1999) or compression strain sonoelastography, 

a process whereby the examined tissue is subjected to a gradual pressure manually applied 

by compression using the US transducer on the patient skin. Strain images of the tissue is 



 

then constructed from measurements of local displacements induced by the compressive 

external force applied at the surface of the tissue.

 

Even though ultrasound by itself is very useful in detecting thyroid 

smaller sizes, it does not provide very accurate diagnostic measures to help differentiating 

malignant and benign thyroid nodules

2005). In contrast, UE has shown very promising results in differentiating cancers from 

benign lesions in breast, prostate, lymph nodes and pancreas in the past

et al. 1997; Cochlin, Ganatra et al. 2002; Giovannini, Hookey et al. 2006; 

et al. 2006; Thomas, Fischer et al. 2006; Lyshchik, Higashi et al. 2007; Giovannini 2011)

And specifically in detecting thyroid cancers by differentiating the 

nodule from a benign nodule, has been reported few times in the past years 

Higashi et al. 2005; Rago, Santini et al. 2007; Asteria, Giovanardi et al. 2008)

 

 

Table 1 Elastic score of thyroid nodules and Elastographic pattern for each score. (Table 

reproduced from the work of Asteria et 

 

 

Table 1 and Figure 4 extracted from the

2008) shows a good example of UE used in differential diagnosis of benign and malignant 

thyroid nodules by measuring intranodular elastic properties of them. 

shows the classification of thyroid nodules according to a given e
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then constructed from measurements of local displacements induced by the compressive 

external force applied at the surface of the tissue. 

Even though ultrasound by itself is very useful in detecting thyroid nodules, even very 

smaller sizes, it does not provide very accurate diagnostic measures to help differentiating 

malignant and benign thyroid nodules(Watters, Ahuja et al. 1992; Frates, Benson et al. 

In contrast, UE has shown very promising results in differentiating cancers from 

benign lesions in breast, prostate, lymph nodes and pancreas in the past

et al. 1997; Cochlin, Ganatra et al. 2002; Giovannini, Hookey et al. 2006; 

et al. 2006; Thomas, Fischer et al. 2006; Lyshchik, Higashi et al. 2007; Giovannini 2011)

And specifically in detecting thyroid cancers by differentiating the elastogram

nodule from a benign nodule, has been reported few times in the past years 

Higashi et al. 2005; Rago, Santini et al. 2007; Asteria, Giovanardi et al. 2008)

Elastic score of thyroid nodules and Elastographic pattern for each score. (Table 

reproduced from the work of Asteria et al. (Asteria, Giovanardi et al. 2008)

extracted from the work of Asteria et al(Asteria, Giovanardi et al. 

shows a good example of UE used in differential diagnosis of benign and malignant 

thyroid nodules by measuring intranodular elastic properties of them. Table 1 

shows the classification of thyroid nodules according to a given elastic score 1 

then constructed from measurements of local displacements induced by the compressive 

nodules, even very 

smaller sizes, it does not provide very accurate diagnostic measures to help differentiating 

(Watters, Ahuja et al. 1992; Frates, Benson et al. 

In contrast, UE has shown very promising results in differentiating cancers from 

benign lesions in breast, prostate, lymph nodes and pancreas in the past(Garra, Cespedes 

et al. 1997; Cochlin, Ganatra et al. 2002; Giovannini, Hookey et al. 2006; Miyanaga, Akaza 

et al. 2006; Thomas, Fischer et al. 2006; Lyshchik, Higashi et al. 2007; Giovannini 2011). 

elastogram of a malignant 

nodule from a benign nodule, has been reported few times in the past years (Lyshchik, 

Higashi et al. 2005; Rago, Santini et al. 2007; Asteria, Giovanardi et al. 2008). 

Elastic score of thyroid nodules and Elastographic pattern for each score. (Table 

et al. 2008) 

 

(Asteria, Giovanardi et al. 

shows a good example of UE used in differential diagnosis of benign and malignant 

Table 1 specifically 

lastic score 1 - 4, according 



 

to the authors and their respective elastographic patterns. 

elastographic images compared with regular US B

kinds of thyroid carcinoma with changing patterns of ela

 

 

Figure 4 Elasticity and US B

displayed on the left and the corresponding

Papillary thyroid cancer with score 3: the elastogram

of hard blue regions with some light green and red areas mixed in. (b) Papillary thyroid 

cancer with score 4:the elastogram on the left shows a homogeneously hard blue pattern. 

(c) Medullary thyroid carcinoma with sco

prevalence of hard blue areas at the periphery of the lesion with a central area in green. 

(d)Non-Hodgkin thyroid lymphoma with score 4: the elastogram on the left shows a 

homogeneously hard blue pattern.

Giovanardi et al. 2008)) 
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to the authors and their respective elastographic patterns. Figure 4 

elastographic images compared with regular US B-mode images side by side for different 

kinds of thyroid carcinoma with changing patterns of elastic properties accordingly.

Elasticity and US B-mode images of malignant nodules. The elastogram is 

isplayed on the left and the corresponding B-mode image is displayed on the right. (a) 

Papillary thyroid cancer with score 3: the elastogram on the left shows a

of hard blue regions with some light green and red areas mixed in. (b) Papillary thyroid 

cancer with score 4:the elastogram on the left shows a homogeneously hard blue pattern. 

(c) Medullary thyroid carcinoma with score 3: the elastogram on the left shows a 

prevalence of hard blue areas at the periphery of the lesion with a central area in green. 

Hodgkin thyroid lymphoma with score 4: the elastogram on the left shows a 

homogeneously hard blue pattern. (Figure reproduced from the work of 

Figure 4 shows typical 

ages side by side for different 

stic properties accordingly.  

 

mode images of malignant nodules. The elastogram is 

mode image is displayed on the right. (a) 

on the left shows a great proportions 

of hard blue regions with some light green and red areas mixed in. (b) Papillary thyroid 

cancer with score 4:the elastogram on the left shows a homogeneously hard blue pattern. 

elastogram on the left shows a 

prevalence of hard blue areas at the periphery of the lesion with a central area in green. 

Hodgkin thyroid lymphoma with score 4: the elastogram on the left shows a 

produced from the work of (Asteria, 
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From many modalities of elastographic imaging, Ultrasound Elastography (UE) appears to 

be the most commonly used modality may be due to its simplicity and common availability. 

UE has shown very promising results in various studies explained above in the differential 

diagnosis of various types of malignant and benign tumors, and specifically in our interest in 

differentiating malignant and benign thyroid nodules. Nevertheless, UE has few significant 

limitations. Firstly, UE has to be performed through commonly used medical ultrasound 

systems, thereby limited by the resolution which depends on the frequencies used in typical 

medical US systems. The higher the frequency, the lower the wavelength of ultrasound, thus 

higher the resolution (roughly about half of the wavelength) that can be obtained. Which 

implies that use of higher frequency ultrasound can lead to higher resolutions, however high 

frequencies are not commonly available in typical Medical US systems. Therefore, the 

resolution currently is limited to several millimeters which is beyond the size scale of our 

interest. Secondly, in thyroid nodules a commonly found feature is calcifications in the form 

of intranodular microcalcifications or calcified walls of the nodules, which prevents the 

passage of ultrasonic frequencies through them. Thus limiting the access to the 

measurement of elastic properties within those kinds of nodules, especially the ones with 

hard calcified walls. Furthermore, UE may not be useful in the case of cysts or mostly fluid 

filled thyroid nodules, due to minimum elastic properties within the nodules. 

 

 

 

2.5.2 Magnetic Resonance Elastography (MRE) 

 

Magnetic resonance elastography is another modality where nuclear magnetic resonance 

imaging (MRI) method is used for quantitative mapping of physical response of a material to 

harmonic external mechanical excitations. Basic principle behind MRE is externally 

generating acoustic shear waves in tissue, and imaging the propagation of these waves 

within tissue using MRI and using particular algorithm to generate quantitative images 
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depicting tissue stiffness(McKnight, Kugel et al. 2002; Mariappan, Glaser et al. 2010). These 

MRE images allow calculation of elastic properties and study their local variations within soft 

tissue. Several MRE studies presented within recent past have shown promising results of 

MRE in different organs of the body (Muthupillai, Lomas et al. 1995; Muthupillai and Ehman 

1996; Kruse, Smith et al. 2000; Manduca, Oliphant et al. 2001; Lee, Miller et al. 2011; 

Rouviere, Souchon et al. 2011; Zhang, Green et al. 2011; Ichikawa, Motosugi et al. 2012; 

Mannelli, Godfrey et al. 2012; Murphy, Curran et al. 2012; Riek, Millward et al. 2012). 

Furthermore, the use of MRE in assessing thyroid gland elastic properties has been 

explored by the recent work of Bahn et al(Bahn, Brennan et al. 2009). 

 

MRE also has several limitations as other modalities of elastography. Mainly there’s a 

tradeoff between spatial resolution and distance from the vibration source in some 

applications. Moreover, generally high frequencies are needed to achieve substantial 

resolution in MRE. However, most medical MRI systems are currently not equipped with 

gradient hardware that is capable of encoding wave motion at such high frequencies. 

Furthermore, these high frequencies are more prone to attenuate more rapidly than low-

frequency waves. Therefore, use of MRE in thyroid nodule differentiation may not be very 

feasible and accurate currently due to those reasons. 

 

 

 

2.6 Other methods of measuring in vivo soft tissue mechanical properties 

 

There have been many reports on in vivo measurements of needle insertion forces into soft 

tissue in the past (Brett, Harrison et al. 2000; Miller, Chinzei et al. 2000; Brouwer, Ustin et al. 

2001; Frick, Marucci et al. 2001; Kataoka, Washio et al. 2002; DiMaio and Salcudean 2003; 

Davis, Landis et al. 2004; Podder, Clark et al. 2006; Dehghan, Wen et al. 2007; Azar and 

Hayward 2008). Many of these have reported force measurements during needle insertion 
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into different kinds of soft tissue, using load cells and other force detectors, and plotted force 

versus distance and/or time curves. Moore et al(Moore, Malukhin et al. 2011) has explored 

the hollow needle insertion forces, in contrast to most of the above suture needles (solid 

needles) which may be more relevant in our interest. Although there have been many 

reports on needle insertion force measurements, only a few reports can be found in using 

similar techniques in quantitatively estimating elastic properties of soft tissue. Samani et 

al(Samani, Zubovits et al. 2007) have reported quantitative assessment of Young’s moduli of 

different kinds of breast tissue. 

 

Among other mature technologies, the Atomic Force Microscopy (AFM)(Binnig, Quate et al. 

1986) has shown unique capabilities in probing viscoelastic properties of cells and spatial 

mapping of cell mechanical properties(Cross, Jin et al. 2007; Engler, Rehfeldt et al. 2007; 

Solon, Levental et al. 2007; Cross, Jin et al. 2008; Sharma, Santiskulvong et al. 2011; Arce, 

Meckes et al. 2013) and has even been explored for diagnostic applications(Cross, Jin et al. 

2007; Plodinec, Loparic et al. 2012). Although the AFM is highly sensitive and capable of 

mapping stiffness on the size scale of 100 μm and below, with the exception of a few exotic 

imaging modes, it is a surface technique, and therefore is unable to probe thyroid nodules or 

even any other superficial cancers in vivo.  

 

Another more recent approach to appear in the literature is the tissue diagnostic instrument 

(TDI) developed by Hansma et al (Hansma, Yu et al. 2009), which used a reference probe 

technique to measure mechanical properties of normal and diseased soft and hard tissues in 

vivo and in vitro. Even though this technique had shown some promising results, it has some 

limitations. The use of a reference probe arrangement includes a friction force between the 

reference probe and the test probe. Therefore, the length of the test probe is limited, which 

thereby limits the range of measurement (< 600 μm). Also, the spatial resolution recorded 

was in the millimeter scale (0.2 - 2 mm) which is beyond the resolution of our interest. 
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The tissue contrast sensor developed by Gianchandani et al. (Li, Gianchandani et al. 2007) 

used a micromachined PZT(Lead Zirconate Titanate) ceramic sensor embedded near the tip 

of a biopsy needle to distinguish tissue planes.  The sensor is responsive only to the tissue 

in very close proximity, and it measures the resonance frequency change while the needle 

tip traverses through different kinds of tissue layers. Primary goal of this method is to provide 

a complimentary guidance for FNA biopsies performed under ultrasound guidance. Thus, 

there has been no elastic property measurement involved in this measurements system. 

 

Levental et al.(Levental, Levental et al. 2010) presented an indentation device for measuring 

micrometer scale tissue stiffness. This device combined a micronewton resolution 

tensiometric force probe and a nanometer resolution micromanipulator enabling the 

measurement of variation in tissue stiffness on hundreds of micrometers to millimeter scale. 

However the main limitation of this method, also compared to AFM, was only applicable to 

thin samples, thereby not applicable to probe in vivo tissues such as thyroid, liver or breast. 

 

 

2.7 Motivation  

 

I have presented above the background of prevalence of thyroid nodules and risk of 

developing thyroid cancer statistics. As mentioned before, on average 43% of the population 

has thyroid nodules from which 5 -10% turns out to be thyroid carcinoma that makes the 

initial motivation on this line of research. Then I have mentioned about the diagnosis and 

management of thyroid nodules protocols as a summarized diagram in Figure 1. As 

indicated in red on Figure 1, indeterminate (suspicious), and non-diagnostic results of FNAC 

are the major prevailing issues in thyroid nodule diagnostics and management. Mostly these 

limitations are inherent to the FNAC procedure and thereby unavoidable, and also 

physician/clinician skill level dependant. Furthermore according to the literature, the 

diagnostic decisions are subjective in many cases that the same result of FNAC may lead to 
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different diagnostic decisions by different physicians depending on their skill level and past 

experience. This is mainly due to lack of very accurate diagnostic parameters or equipment 

availability. This concludes that there is much room for improvement of diagnostics and 

management of thyroid nodules by developing new technologies and methods which can 

provide additional parameters to increase the diagnostic accuracy of thyroid cancer, and 

potentially other superficial cancers. 

 

As discussed briefly in the introduction and background sections, there is several order 

magnitudes difference in elastic properties of malignant tissue compared to the benign 

tissue. Therefore, comparative assessment of tissue elastic properties has a high potential in 

diagnostics and prognosis in any carcinoma. This has been initiated in the recent past as 

“elastography”, a method of quantitative in vivo assessment of elastic properties of tissue. 

Amongst different modalities of elastography, most often used in thyroid nodule 

management is Ultrasound elastography (UE) and magnetic resonance elastography (MRE). 

However, both of these modalities have several limitations and are not yet capable of 

providing enough information for highly accurate diagnosis. UE is limited with resolution due 

to the use of commonly available ultrasound frequencies, which makes it not capable of 

measuring elastic properties in sub-millimeter scale, the size scale of our interest. Also, UE 

will not be possible in the cases of nodules with calcified walls and fluid-filled nodules. 

Furthermore, MRE also suffers from resolution issue that it is unable to provide elastograms 

with resolution in the size scale of our interest. 

 

Specifically in thyroid carcinoma, the most commonly found carcinoma is papillary 

carcinoma amongst follicular carcinoma, follicular variant papillary carcinoma and medullary 

carcinoma. In papillary carcinoma, there is a wealth of variation of elastic properties 

(stiffness) in the sub-millimeter scale.  As per the histopathologic images of different kinds of 

thyroid carcinoma found in literature, each type of carcinoma has their own unique patterns 

and thus we predict variations in elastic properties in sub millimeter scale which will be 
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unique to each kind of carcinoma or even adenoma. These elastic property variations have 

not been explored extensively, and there is a lack of data found in the literature on 

quantitative assessment of heterogeneity of intranodular elastic properties of different kinds 

of thyroid carcinoma. Therefore, this motivated to investigate the intranodular stiffness 

variations in sub-millimeter scale, and perform a quantitative assessment of heterogeneity of 

force and stiffness which has a high potential in thyroid cancer diagnostics. This force and 

stiffness heterogeneity will be useful as parallel diagnostic parameters with mainly US 

guided FNAC and UE in improving diagnostic accuracy of thyroid cancer, reducing 

indeterminate(suspicious) and non-diagnostic results that leads to unnecessary surgeries 

and thereby avoiding additional medical costs and other future complications for patients. 

 

As described above with the motivation of investigating elastic properties variations in the 

sub-millimeter scale (specifically in tens of micrometers range) of thyroid nodules, we 

explored the possibilities of new technologies. The main initial inspiration was the work of 

Ragavendra et al(Ragavendra, Ju et al. 2008), where they explored the intranodular 

variation of stiffness of thyroid nodules by assessing the haptic force feedback from a FNAC 

biopsy needle inserted into a nodule. 

  

 

 

 

Figure 5 Representative image of right thyroid lobe solid tumor about to be 

pierced and probed manually with a fine needle (Figure reproduced from the 

work of Ragavendra et al (Ragavendra, Ju et al. 2008)). 
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As shown in Figure 5 and Table 2 extracted from the work of Ragavendra et 

al(Ragavendra, Ju et al. 2008), they probed 609 patients with thyroid nodules with fine 

biopsy needles and ranked them into two groups depending on their toughness felt by the 

physician as haptic force feedback. The haptic feeling of malignant and benign nodules was 

compared to the feeling of a needle passing through an unripe pear and gel respectively. 

Even though this study was only qualitative, it has shown very promising results in 

diagnosing thyroid cancer with a sensitivity 81% of and specificity of 89%. Therefore, this 

study motivated and inspired us in developing a device that can use the same principle to 

quantify the intranodular variations of elastic properties of thyroid nodules. With this initial 

inspirational principle, we explored the cost effective and simple technologies to be 

integrated into one device which can provide quantitative intranodular elastic properties and 

by characterization and assessment of force heterogeneity and stiffness heterogeneity we 

were able to produce insights into using those parameters as parallel diagnostics with FNAC 

and currently available other techniques to enhance diagnostic accuracy. 

 

 

 

 

Table 2 thyroid cancer distribution in patient groups 1 and 2(table 

reproduced from the work of Ragavendra et al (Ragavendra, Ju et al. 
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3. Experimental Methodology 

 

3.1 FNE Device Design and Instrumentation 

 

Aforementioned our initial inspiration, differentiation of malignant and benign thyroid nodules 

by the haptic force feedback on the needle inserted into thyroid was only possible due to Dr. 

Ragavendra’s expertise and years of experience in the field performing FNAC biopsies. 

Therefore, these promising qualitative results are physician dependent and highly subjective, 

that it may not be possible for an amateur physician to follow. Thus our aim was to develop a 

technology that can mimic the experienced physician’s hand and feel, by quantitatively 

converting the haptic force feedback into an electrical signal, which will enable 

inexperienced physicians/clinicians to get a quantitative readout that can ultimately be used 

in prognosis. 

 

The developed FNE device prototype for FNE measurements is shown in Figure 6(a) below. 

The device was designed as a hand-held device to be used for FNE measurements 

simultaneously with minimally invasive US guided FNAC procedures. This would avoid any 

additional invasive procedures that may be needed if the FNE measurements were taken 

separately. Since US guided FNAC is performed in most of the thyroid nodule management 

cases, it will be advantageous to perform FNAC and FNE simultaneously which will provide 

additional diagnostic parameters combined with the cytological results to be helpful in 

prognosis. 

 

Even though the FNE Device was designed as a handheld device, for initial experimental 

purposes at this preliminary stage it was mounted on an encoded motor stage to have 

controlled (constant velocity, acceleration, deceleration, travel time) motion. This allowed 
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performing controlled experiments in verifying the performance of the device and calibrating 

the device for accurate force measurements. 

 

 

 

Figure 6(a) Preliminary prototype of FNE device fixed with a 25G biopsy needle (b) 

Expanded diagram of main components of the FNE device prototype, showing the attached 

needle to 3D printed plastic head (containing the piezoelectric transducer) and holder and 

BNC connections (for more complimentary designs see Figure A1 - A4 in Appendix A) 

Note that the BNC output is connected through a SMA to BNC converter adaptor. 

 

 

Figure 6(b) illustrates an expanded diagram of the main components of the device. A typical 

25 gauge FNA needle (Becton, Dickinson and Company, USA) was interchangeably 

mounted onto the head of the device via a standard luer connection. The cap of the head is 

carefully designed to have a sufficient grip for standard sized needles so as to maintain 

straight orientation of needle without any bending during the measurements, while 

maintaining its ease of interchangeability for needles. 
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Photo credit: SEM Lab, Eastfield College, Mesquite, TX 

Figure 7 SEM images of a typical 25G needle with a bevel angle tip 

 

The needle is narrow so as to limit bleeding (500 μm), and long enough so as to penetrate 

the full depth of the thyroid (51 mm). Figure 7 shows some SEM images of the 25G bevel 

angle tip needle that was used in the experiments. The choice of a standard needle 

leverages the low cost, and thus interchangeability afforded by a well-established needle 

industry. Additionally, these needles are manufactured with a high degree of uniformity that 

makes it easy to obtain repeatable forces in this mode of operation that will enable 

comparing data from different devices. 
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There are many modalities of force measurement used in the past for measuring needle 

insertion forces to soft tissue. Most commonly used force measurement technique is using 

load cells which act as a transducer which can generate an electrical signal directly 

proportional to the force being measured. However, common load cells may be larger in 

size; that may not be convenient to integrate into a small hand held device. Therefore, we 

considered piezoelectric ceramics which can be found in much smaller sizes and shapes, 

and are known to have very accurate force transducer capabilities.  

 

In simple terms, a piezoelectric transducer consists of a dielectric crystal that can generate a 

charge across its walls which will be proportional to the change of the crystal shape, usually 

due to a mechanical force applied externally. Moreover, piezoelectric ceramics have a rigid 

structure which is helpful in our device to maintain durability and simple operation and low 

cost are additional advantages. Thus, a piezoelectric crystal was selected as the force 

sensor. As shown in Figure 6, the force applied on the needle during the insertion into soft 

tissue will be directly translated into the piezoelectric tube inside the head according to the 

parallel arrangement of the needle and the piezoelectric tube. Therefore, the charge 

generated at the piezoelectric tube will be directly related to the insertion forces at the 

needle tip. While it is common to measure the voltage across a piezoelectric crystal, such 

signals are highly influenced by the capacitance of the piezoelectric crystal, and invariably 

lead to both hysteresis and drift.  Consequently, we chose to operate by measuring the 

charge, which tends to have a linear relation with stress both in theory and practice.  
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The charge, q, generated at the PZT-5A piezoelectric transducer (Boston Piezo-Optics Inc., 

USA) is proportional to the force (F) acting on the device according to the equation (3.1) 

below; 

 

 

� = ���
�����
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����

��
�    (3.1) 

   

Where;  

d31 – piezoelectric constant (d31 = -171x10-12 C/N) 

ro – outside radius of the cylinder (0.0625”) 

ri  – inside radius of the cylinder (0.0425”) 

h – axial height (0.500”) 

 

Using these values, we computed a conversion factor between charge and force, of -5.1x10-

9 C/N. In practice, we found that it reduces this number to -4.3x10-9 C/N (see section force 

calibration). We think the reduced size of the electrodes and residual epoxy at the bases 

which is used for the connection of copper wires to the piezo electrodes may be the reason 

for this difference. Furthermore, the dimensions of the piezoelectric tube that we used for 

calculations are the manufacturer provided values however may not be precisely accurate 

which might cause slight differences. The piezo tube has electroless nickel electrodes (inner 

and outer walls of the tube serves as output electrodes) with a theoretically calculated 

capacitance of 3117 pF (± 20%). 

 

The rear end of the piezoelectric tube was secured to the 3D printed holder as shown in the 

diagram in Figure 6(b). The device is lightweight and therefore easy to handle reaching the 

desired intranodular locations needed for FNAC and FNE. 
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Output of the piezoelectric tube was connected to a BNC cable (see Figure 6(b)) using 

insulated copper wires attached with small amounts of silver conductive epoxy (Chemtronics 

Inc., USA). The instrument casing was designed using SolidWorks 2013 (Dassault 

Systèmes SolidWorks Corp, France) and 3D printed by MakerBot Replicator2TM Desktop 3D 

printer (MakerBot Industries, USA) (see Appendix A Figures A1 – A4 for the 3D designs).  

 

Figure 8 below shows an improved version of the FNE Device which was developed 

recently after the experiments with the device shown in Figure 6. This includes much 

smaller easy to handle lightweight design which is an added advantage in clinical utility of 

the FNE Device. (See Appendix A Figures A1 – A4 for the 3D designs). 

 

 

Figure 8 latest design of the improved prototype (was designed after the one shown in 

Figure 6 which was used for the FNE measurements presented here). Enhanced much 

smaller easy to handle design with a hollow handle for inclusion of mini charge pre-amp and 

other circuitry in the future. 

 

 



37 
 

3.2 Charge Pre-amplifier Design 

 

As a piezoelectric transducer is used as the force sensor in our FNE device, it will generate 

a charge proportional to the needle insertion force. Therefore, it is desirable to amplify this 

charge using a charge pre-amplifier as explained above. This section elaborates the design 

considerations of the charge amplifier to be integrated in the FNE device. 

 

Typical charge amplifier function can be defined as the conversion of the charge (in pC 

units) supplied to the input of the amplifier into a voltage (in mV units) at the output of the 

amplifier. Therefore, the charge amplifier gain will be in units of mV/pC. A feedback 

capacitor connecting inverting input of an op-amp to the output can be considered the most 

important element of a typical charge amplifier. In an ideal scenario, this capacitor may act 

as the only feedback and complete charge provided at the input may flow through this 

feedback capacitor. Primary design considerations for a charge amplifier are; 

 

 Low noise performance 

 High gain 

 Temperature stability  

 High bandwidth 

Figure 9 below shows a typical  circuit diagram of a charge mode amplifier extracted from 

application report from Texas Instruments(Karki 2000). Feedback capacitor is shown as Cf, 

which determines the gain of the charge pre-amplifier as, 1/ Cf ; implying that the lower the 

value of this feedback capacitor the higher the value of the gain of the charge amplifier. The 

resistor Rf acts as a protection against the feedback capacitor saturation by leaking off 

charge in case of saturation and also helping to provide bias voltage at inverting input of the 

op-amp. This feedback capacitor Cf and the resistor Rf also sets the lower frequency cutoff. 



 

Therefore, these two components have to be carefully selected as customized for 

values depending on the required gain and 

 

Figure 9 Typical charge mode pre

performance characteristics (Figure extracted from Texas Instruments Application Report 

(SLOA033A) (Karki 2000)). 

 

I have carefully examined many designs and various design considerations available in the 

literature (Hu, Solere et al. 1998; Bassini, Boiano et al. 2002; Bassini, Boiano et al. 2002; 

Fleming and Moheimani 2005; Dahoumane, Dauvergne et al. 2012)

charge pre-amplifier customized for the FNE device.

operational amplifier was chosen, TL071 due to 

parallel applications in the past. The initial charge pre

Appendix A Figure A5. After testing for the performance of the initial 

improvements were introduced and designed a new charge pre

presented here. As our FNE device ultimate design may be a battery powered 

design, I also considered many op amps available with low bias currents and low
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these two components have to be carefully selected as customized for 

values depending on the required gain and low-frequency cutoff in each case.

Typical charge mode pre-amplifier circuit diagram using TLV2771 op

performance characteristics (Figure extracted from Texas Instruments Application Report 

I have carefully examined many designs and various design considerations available in the 

(Hu, Solere et al. 1998; Bassini, Boiano et al. 2002; Bassini, Boiano et al. 2002; 

ni 2005; Dahoumane, Dauvergne et al. 2012) in designing an optimal 

amplifier customized for the FNE device. As an initial design, a 

operational amplifier was chosen, TL071 due to its promising performance seen in

parallel applications in the past. The initial charge pre-amplifier PCB design will 

After testing for the performance of the initial 

improvements were introduced and designed a new charge pre-amplifier which will 

here. As our FNE device ultimate design may be a battery powered 

also considered many op amps available with low bias currents and low

these two components have to be carefully selected as customized for their 

each case. 

 

amplifier circuit diagram using TLV2771 op-amp and its 

performance characteristics (Figure extracted from Texas Instruments Application Report 

I have carefully examined many designs and various design considerations available in the 

(Hu, Solere et al. 1998; Bassini, Boiano et al. 2002; Bassini, Boiano et al. 2002; 

in designing an optimal 

As an initial design, a conventional 

promising performance seen in many 

amplifier PCB design will be shown in 

After testing for the performance of the initial design, several 

amplifier which will be 

here. As our FNE device ultimate design may be a battery powered hand held 

also considered many op amps available with low bias currents and low supply 
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currents in the market. However, many of these devices compromise the bandwidth and 

have higher noise than the traditional J-FET (Junction gate Field Effect Transistor) op amps 

operating under typical +/- 15V supply voltage.  

 

I have selected op amp AD743 as a good starting point commercial op amp to test the 

performance of the FNE device. As shown in Figure 10(a) AD743 Op Amp is connected with 

a feedback capacitor Cf, resistors R1 and Rf values of which are carefully calculated for the 

optimal performance of a customized design. Calculation formula and methods are beyond 

the scope of this dissertation and can be found in commonly available literature(Karki 2000). 

Decoupling or bypass capacitors are used as required throughout the circuit to have a better 

performance and reduced noise levels. Combination of a large capacitor (1uF) and a small 

capacitor (0.01uF) are used at the positive and negative supply terminals as shown in the in 

Figure 10(a) schematic diagram (C1,C2 and C4,C5). The large capacitor acts as a charge 

reservoir to provide instantaneous low power requirements for the circuit without the need of 

power flowing all the way from the supplies, since the capacitor can store significant amount 

of charge and provide as needed by the other elements. The small capacitor acts as a 

bypass bridge to short away any high-frequency noise in the circuit away from the IC to the 

ground. Non-inverting input is grounded and the input is connected to the inverting input 

through a protection resistor R1 as shown in the schematic. Dual power supply is used to 

power up the chip and C7 and C8 capacitors help to reduce noise at input and output 

respectively. 

 

 

 



 

 

 

 

 

 

 

 

 

Input 

(a) 

(b) 

Figure 10 (a) Schematic of the circuit diagram for the charge pre 

amplifier (b) picture of the final completed design with miniaturized PCB 

and all the components and connections
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Output

chematic of the circuit diagram for the charge pre 

picture of the final completed design with miniaturized PCB 

and all the components and connections soldered on the PCB. 

 

 

Output 

chematic of the circuit diagram for the charge pre 

picture of the final completed design with miniaturized PCB 

 



41 
 

AD743 OP AMP FEATURES 

 

Ultralow Noise Performance 

2.9 nV/√Hz at 10 kHz 

0.38 _V p-p, 0.1 Hz to 10 Hz 

6.9 fA/√Hz Current Noise at 1 kHz 

Excellent DC Performance 

0.5 mV Max Offset Voltage 

250 pA Max Input Bias Current 

1000 V/mV Min Open-Loop Gain 

2.8 V/_s Slew Rate 

4.5 MHz Unity-Gain Bandwidth 

THD = 0.0003% @ 1 kHz 

 

Figure 10(b) shows the completed and tested design after adding all the components and 

connections on a miniaturized PCB (Printed Circuit Board). This dual layer PCB design of 

the schematic is designed on fritzing software (www.fritzing.org) and printed by Dorkbotpdx 

(http://dorkbotpdx.org/).  

 

There are few other considerations and comments about the charge pre-amplifier design 

which may be useful in final designs to be integrated in a commercial handheld FNE device. 

Most of the cases if the charge pre-amplifier is embedded in a small device close to the 

piezoelectric transducer, there may be no special requirements for input protections. 

However, there may be chances of charge accumulation in the circuitry between 

piezoelectric crystal and the charge pre-amplifier. Thus, it is a good decision to use a 

protection resistor at the input, such as R1 shown in the schematic above. Another 

consideration should be the use of protection against electromagnetic interference, other 

static discharges through connectors and leads. Choosing high-quality low noise 

http://www.fritzing.org/
http://dorkbotpdx.org/
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components for the circuit is also essential. Especially for passive components like the 

feedback capacitor need to be carefully selected. Polystyrene capacitors tend to show good 

performance, which will be a good selection. Also, surface mount ceramic capacitors may be 

a reasonably good choice. Surface mount high-quality resistors may be helpful to achieve 

better performance with a smaller footprint, which will make it easy to integrate within a 

handheld device.  Furthermore, care must be taken to check temperature stability of the 

components. Moreover, adding different configurations of diodes connected to the input side 

to act as protection against static discharges may be another improvement. 

 

 

 

 

3.3 FNE Experimental Setup 

 

The FNE Device design described in the above instrumentation section 3.1 is designed with 

the purpose of measuring elasticity of tissue as a hand held device. However for the 

preliminary experiments to help proving the novel concept of Fine Needle Elastography, it 

was necessary to have more controlled and stable environment with flexibility to fix and 

change different parameters involved as required. Therefore, the experimental set-up that 

was used for the preliminary experiments is explained in detail in this section. 

 

While we wish to measure the charge, charge amplifiers may roll off at low frequencies.  

Consequently, for the preliminary experiments we chose to measure current and numerically 

integrate the current over time to achieve charge to improve performance at low frequency in 

the preliminary experiments. As current is equal to the differentiation of charge with respect 

to time (i= dq/dt), the integration of current with respect to time will give the total amount of 

charge involved. 
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Figure 11 shows a simplified overview of the experimental setup used for FNE 

measurements. The output of the FNE device was connected to SR570 Low-Noise current 

pre-amplifier (Stanford Research Systems, USA). The output current signal was amplified at 

10 nV/A gain and 0.03 Hz –300 KHz bandwidth. The amplified current signal was digitized 

using NI-USB 6259 (National Instruments, USA) data acquisition card and integrated with a 

custom written LabView 2013 (National Instruments, USA) program ( the LabView program 

is shown in Appendix A, Figure A6 and Figure A7 and the GUI with real-time FNE 

measurement data is shown in Figure A8). A dedicated PC (Intel Core 2, 6400 at 2.13 GHz, 

2 GB RAM, 32bit-MS Windows Vista Home Premium SP2) was used for the data acquisition 

and position control of the single axis encoded servo motor stage.  The encoded servo 

motor stage allowed us to have controlled velocity, acceleration, deceleration, travel length 

and travel time in a horizontal linear path. 

 

 

Figure 11 A simplified general overview of the experimental setup for FNE measurements 

showing the FNE Device and other main components of the setup. Current pre-amplifier is 

used, instead of a charge amplifier which may be integrated within the future design of the 

handheld device. 
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Figure 22 Detailed diagram of the experimental setup used in FNE measurements with the 

ultrasound phantom neck. FNE device was inserted into the phantom neck as shown. Linear 

motion of the FNE device prototype was achieved by the Applied Motion (AM) encoded 

servo motor stage controlled by the AM control unit. A low-noise current pre-amplifier 

amplified output of the FNE device and data acquired through the NI DAQ card. 

Simultaneously real-time ultrasound observation and of the phantom neck was done to 

maintain accurate insertion direction, and the ultrasound screen was recorded using an HD 

video camera.  
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Figure 13 Experimental setup used for FNE measurements with ultrasound phantom neck 

specimen, showing the ultrasound phantom neck and the FNE Device driven through it 

using the encoded motor stage at the left side of the picture. Real-time ultrasound 

observation was done by the US system shown in the middle of the picture and the 

computer to the right for controlling of the device speed/travel and data acquisition. 

 
 
Linear motion of the FNE Device was achieved by a LX26 Single axis actuator stage 

(Misumi Groups’ Inc., Suruga Seiki Co., Japan) with a manufacturer specified positioning 

repeatability of ± 5 μm and a maximum travel length of 200 mm. The positioning accuracy is 

a significant advantage for our FNE measurements which helped to position the needle tip 

within the specimen with micrometer level accuracy. Also, the travel length of 20cm was 

more than sufficient to reach the nodules within the ultrasound phantom neck. The stage 

was driven by an HT17-068 2-phase hybrid stepper motor (Applied Motion Products Inc., 

USA) which was controlled by AM3540i Servomotor controller (Applied Motion Products Inc., 

USA). The positioning accuracy of the linear stage in combination with the encoder was at 

least 10-12 μm.  
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Two main kinds of specimen used in preliminary experiments are gel-pear specimen and 

ultrasound phantom neck containing fluidic and solid nodules. As the gel-pear specimen 

were transparent, the tracking of the needle path did not need any special viewing 

requirements. However for the ultrasound phantom neck specimen, the needle path could 

be only viewed through ultrasound. Therefore, the slightly modified schematic of the 

experimental setup for FNE measurements with the ultrasound phantom neck specimen is 

shown by Figure 12. A photograph of the same experimental setup is shown in Figure 

13.(the initial experimental set up and additional images of a user performing FNE 

measurements can be seen in Figure A9 and Figure A10 in Appendix A). Ultrasound 

phantom neck and FNE Device were arranged in a stable horizontal line as shown in the 

diagram. FNE measurement protocol for this arrangement will be explained in a later section 

named FNE measurements with ultrasound phantom neck. FNE Device output was 

connected to the pre-amplifier and amplified output was acquired by the data acquisition 

system. FNE Device was driven linearly under controlled motion using the encoded servo 

motor stage in and out of the phantom neck to reach desired nodule locations. Ultrasound 

system was used to observe the needle path, to ensure reach of exact nodule locations. 

Ultrasound screen was recorded using an HD video camera for further analysis by 

synchronization of force/elastography data with needle position. 
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3.4  Sample Preparation 

 

Initial testing of the developed FNE Device was done using gel-pair specimen. Commercial 

unflavored gelatin powder (The Kroger Co., USA) was used to make 6% gel. 1.2 g of dry 

gelatin powder was dissolved up to 20 mL of boiling water, and red food coloring was added 

for clear differentiation from the pear layer. Manually graduated type-1 glass vials (15x45 

mm) (Fisher Scientific International, Inc., USA) were used for gel and pear specimen. The 

glass vial is cleaned thoroughly and filled with the hot gel solution half way. A cleaned 10 

mm unripe pear slice was embedded within 6% gel filled in the graduated glass vial and 

allowed to solidify for 2 hours. Once the gels solidified, the samples were immediately used 

for FNE measurements under ambient conditions. 

 

3.5 FNE Measurements 

 

The FNE device insertion force measurements were recorded while the FNE device was 

translated at 12 mm/s constant velocity. Sampling rate of 1000Hz (i.e. 1 kS/s) was used to 

record current readings during the translation of the FNE Device. This gave us a 12 μm/S 

resolution. The following variables were stored on the computer: Timestamp(s), stage 

position (mm), Integrated current (A) and Force (N). Typical measurement times were 

maintained below 8 s per trial to avoid memory overload and other complications in the 

software. This travel time was found to be well sufficient to travel in and out to reach nodules 

in the ultrasound phantom neck and gel pear specimens which were only 50 mm deep. 

Figure 14 shows the arrangement of the FNE Device which travels through its horizontal 

linear path into the ultrasound phantom neck, fixed in position vertically by attaching into a 

stable vertical stand. 
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Figure 14 Ultrasound phantom neck was fixed in position and the 

FNE Device was driven in a horizontal linear path to reach desired 

nodule locations within the phantom neck using the encoded servo 

motor stage under controlled constant velocities (figure is merely 

intended to show the horizontal orientation of needle travel through 

the phantom neck. Complete arrangement will be shown in a later 

figure) 

 

3.5.1 FNE measurements with gel pear specimen 

 

Gel pear specimen was fixed into a standard test tube clamp which was connected to a 

stable vertical stage. Gel pear specimen was rotated to have horizontal orientation, and the 

top gel surface was aligned about 10 - 15 mm from the FNE Device needle tip. FNE Device 

was translated at 12 mm/s into the gel pear specimen horizontally. Needle tip travel was 

observed easily since the specimen was transparent. A millimeter scale ruler was attached 

along side with the specimen to match the scaling with the force-displacement curves. 

Travel length (typically about 50mm) was adjusted using the control software so that the 

needle tip reaches the end of the pear layer, by estimating using the millimeter scale. For 
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each specimen, a high-resolution photograph of the specimen and the needle tip including 

the millimeter scale was taken using a DSLR camera. For regular measurements, only the 

insertion force was recorded, and the needle tip position was moved to a slightly different 

starting point within few millimeters to avoid needle travel through the previous tracks. 

However for the cutting force measurements, two consecutive insertions were done at the 

same point and then the needle tip was moved to a new position within few millimeters away 

from the original position. Both insertions were done at the same insertion velocity and kept 

all the other parameters same to estimate the cutting force by subtraction of consecutive 

force curves (please refer to the section 4.3 of characterization of forces). 

 

 

3.5.2 FNE measurements with ultrasound phantom neck 

 

For further evaluation of the feasibility of the FNE device’s usefulness in thyroid tumor 

characterization and diagnosis, an anthropomorphic neck - (Figure 14) CIRS-074 Thyroid 

Ultrasound training phantom (CIRS - Computerized Imaging Reference Systems, Inc., 

USA) was used. This is a specially designed training tool and a practicing medium for 

ultrasound guided thyroid biopsy procedures for medical residents. The phantom contains a 

thyroid gland positioned within an anthropomorphic neck made to match the actual size 

human neck. Thyroid lobes contain two solid nodules (isoechoic stiff lesions) of the size 10-

12 mm, and 4 fluid nodules (cysts) are of the size ~ 8 mm. Phantom is made of Zerdine® 

(US patent US5196343 A; Zerhouni et al, 1993) encased in proprietary elastomer. The 

zerdine material is produced by polymerization of acrylamide with N,N'-methylene-bis-

acrylamide in vacuum-degassed liquid solutions. The variation of local ultrasound reflections 

within the material is achieved by inclusion of alumina, boron nitride, glass microspheres, 

etc. particles in different concentrations to make a permanent suspension of solid and liquid 

particles. Main intention of using this specially prepared material is to mimic the soft tissue 

and solid and fluid tumor properties ultrasonically. i.e. the contrast of heterogeneity, changes 



 

of different types of tissues ( soft tissue at skin layer, inner layer, solid tumor, fluid 

etc.) may reflect differently when observed with ultrasound. 

changing the local mechanical p

However, the absolute values of these mechanical properties may not necessarily reflect the 

stiffness values of actual thyroid tumors and soft tissue. 

look exactly like real thyroid tissue on the scale of 10's of microns, the phantom is a 

sufficiently close approximation, and provides a model material where the local mechanical 

properties vary over the size range of the thyroid (centimeters).

 

Figure 15 Arrangement of the 

measurement. Ultrasound probe on the left is positioned at a desired orientation and held in 

position using a holder. On the right, the FNE device is positioned and driven on t

insertion path by the encoded motor stage. Ultrasound phantom neck 

position using multiple holders from both sides to avoid movement during the 

measurements. 
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of different types of tissues ( soft tissue at skin layer, inner layer, solid tumor, fluid 

) may reflect differently when observed with ultrasound. This is achieved by only 

changing the local mechanical properties of the different layers and sections (

the absolute values of these mechanical properties may not necessarily reflect the 

stiffness values of actual thyroid tumors and soft tissue. Even though the material doesn’t 

ike real thyroid tissue on the scale of 10's of microns, the phantom is a 

sufficiently close approximation, and provides a model material where the local mechanical 

properties vary over the size range of the thyroid (centimeters). 

Arrangement of the test specimen- ultrasound phantom neck during a typical

Ultrasound probe on the left is positioned at a desired orientation and held in 

a holder. On the right, the FNE device is positioned and driven on t

insertion path by the encoded motor stage. Ultrasound phantom neck is fixed

position using multiple holders from both sides to avoid movement during the 

of different types of tissues ( soft tissue at skin layer, inner layer, solid tumor, fluid tumor, 

is achieved by only 

roperties of the different layers and sections (nodules). 

the absolute values of these mechanical properties may not necessarily reflect the 

Even though the material doesn’t 

ike real thyroid tissue on the scale of 10's of microns, the phantom is a 

sufficiently close approximation, and provides a model material where the local mechanical 

 

ultrasound phantom neck during a typical FNE 

Ultrasound probe on the left is positioned at a desired orientation and held in 

a holder. On the right, the FNE device is positioned and driven on the shown 

is fixed in a stable 

position using multiple holders from both sides to avoid movement during the 
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The insertions of FNE device into the phantom neck were done under real-time ultrasound 

guidance using SonoSite 180 plus Ultrasound system (SonoSite Inc., USA). Recall that the 

reflections in an ultrasound image represent the local variations of acoustic impedance (Z) of 

the material (refer to equation 2.2). Acoustic impedance (Z) is a function of the density (ρ), 

and Young’s modulus of a material (see section 2.3 Ultrasonography; refer to equations 2.1 - 

2.3). Since the Young's modulus is a measure of the stiffness of the material, the contrast in 

heterogeneity seen on a sonogram represents the local variations in biomechanical 

properties within the material. Therefore, this ultrasound phantom serves as a good 

specimen to test local variations of mechanical properties' heterogeneity in evaluating our 

FNE device. 

 

 

For a typical force measurement using the FNE device, the insertion angle (usually ~ 

900±100) was determined by manually inserting a biopsy needle alone while observing the 

respective nodule on the ultrasound screen. Then the FNE device was aligned on the pre-

determined direction (Figure 15). And the ultrasound probe (C11/7-4 Curved-Array 

Ultrasound Transducer) (SonoSite Inc., USA) was set at a desired orientation (Figure 15) 

using a holder to maintain a clear view of the insertion path and to ensure it reaches the 

exact location. Typically for a better view of the needle tip path, the ultrasound probe needed 

to be within 10-20 mm away from the insertion point. Ultrasound gel was applied on the point 

of contact of the US probe and the phantom neck to allow better transport of ultrasound 

waves into the phantom neck. Ultrasound probe needed to be carefully fixed with enough 

pressure to touch the skin layer of the ultrasound phantom neck, avoiding extra pressure 

that may cause deformation and unnecessary tensions in the tissue. It was verified that 

applied pressure from the ultrasound probe on the phantom neck specimen was minimal so 

that it did not significantly affect the FNE measurements. 

  

 



 

Figure 16 Representative real

showing Solid nodule (white) and Fluid 

 

 

For each force measurement, the sonogram screen was recorded 

using an HD video camera (Canon T3i, 18 MP). 

image during FNE measurements where it shows the needle path (white contrast line) 

traverses through the simulated solid nodule (white circle) within the thyroid in the ultrasound 

phantom neck. A constant insertion 

was mainly based on the typical insertion rate observed during a FNAC biopsy performed by 

well-experienced clinician and a co

the literature(Okamura, Simone et al. 2004)

measurements has been evaluated and 

Schneider et al. 2005; Webster, Memisevic et al. 2005)

in the characterization of forces section
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Representative real-time ultrasound image taken during an FNE

(white) and Fluid nodule (dark) locations and the path of needle travel.

For each force measurement, the sonogram screen was recorded (1920x1080 at 

video camera (Canon T3i, 18 MP). Figure 16 shows a sample real

image during FNE measurements where it shows the needle path (white contrast line) 

traverses through the simulated solid nodule (white circle) within the thyroid in the ultrasound 

A constant insertion speed of 12 mm/s was in the measurements.  

was mainly based on the typical insertion rate observed during a FNAC biopsy performed by 

experienced clinician and a co-author (N.R.) and on the comparable data available in 

(Okamura, Simone et al. 2004). The effect of insertion speed

measurements has been evaluated and found to be in agreement with the literature

Schneider et al. 2005; Webster, Memisevic et al. 2005). This will be discussed

the characterization of forces section 4.3. 

 

an FNE measurement, 

(dark) locations and the path of needle travel. 

1920x1080 at 30 fps) 

shows a sample real-time US 

image during FNE measurements where it shows the needle path (white contrast line) 

traverses through the simulated solid nodule (white circle) within the thyroid in the ultrasound 

mm/s was in the measurements.  This value 

was mainly based on the typical insertion rate observed during a FNAC biopsy performed by 

author (N.R.) and on the comparable data available in 

speed on the FNE 

e literature (Crouch, 

be discussed in more detail 
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3.6 FNE Device Force Calibration 

 

For improved accuracy of the measured insertion forces, force calibration was done each 

time if there were any changes in the experimental set up. We chose gravitational force 

loading because of the elegant simplicity of the approach. Moreover, we used a constant 

speed of movement to avoid any inertial force due to accelerations of the FNE Device. 

Masses between m = 0.5 g and m = 15 g were weighed using a digital balance and 

recorded. For each mass the resulting gravitational force, Fg, was computed using Fg = m g, 

where g = 9.81 m/s2 is the gravitational constant. As shown in Figure 17 the FNE device 

was mounted vertically in a stable position and a plastic tray was mounted on the top of the 

FNE device head to be used as a platform for mass loading. The masses were hanged from 

the top using a thin flexible copper wire (negligible mass) so that the mass is about 10 mm 

away from the platform. Then the masses were smoothly loaded and unloaded by translating 

the FNE Device vertically up and down at a constant velocity for a constant height so that 

the mass is fully loaded on the platform. The change in total piezoelectric charge on 

gravitational force loading was measured for each of the calibrated masses. Readings for 

loading and unloading were read separately for three consecutive times for each mass and 

the average of three readings were recorded. 
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Figure 17 Calibration apparatus showing the FNE Device fixed in a stable vertical position 

using holders and the plastic tray mounted on the head of the Device to be used as a 

platform for loading of calibration masses 

 

Force (mg) vs. piezoelectric charge was plotted (as shown in Figure 18) and first order 

polynomial (linear) fit slope was taken as the calibration constant (N/C). Force calibration 

measurements were done at a preamp gain of 2 nA/V and at band pass filter 0.03 Hz-100 

kHz.  
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Figure 18 Sample force calibration curve showing charge generated plotted against 

known force (mg) values. Measured masses were smoothly loaded and unloaded on 

the FNE Device setup in a stable position vertically. Readout integrated current 

values are converted into charge, using pre-amplifier gain. First order polynomial fit 

was used to compute the slope of the Charge vs. Force plot. 
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Computation of the calibration constant is explained step by step below; 

 

� =  
��

��
                                                                         (3.2) 

Where i – current, q – charge and t – time. 

� =  � � �� 

������  =   ∫ � ������� ��   ; 

Where �������  is the preamp gain 

� ∝  � ∴  � =  ��  ; k is the proportionality constant 

� =  ��  

F – Gravitational force, m – mass, g – gravitational constant (9.81m/s2) 

�� =   �� 

�� =  � � �������� �� 

 

Therefore, k – Calibration constant (N/C); 

� =   
��

∫(�������)� ��
                                                (3.3) 

 

As shown above, the change in instantaneous charge with respect to time is defined as the 

current. By integrating all the instantaneous currents over the time, we can find the total 

charge involved. Since the current preamplifier amplifies the current, the actual total current 

is shown above including the preamp gain. According to the first principles, the charge 

generated at the piezoelectric transducer is proportional to the needle force applied. As for 

our apparatus, the applied force is also equal to the gravitational force (mg) depending on 
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the loaded masses. Therefore, the calibration constant (k) can be calculated from the ratio of 

gravitational force to the total charge as shown in the step by step explanation above. The 

calibration constant is found in the units of N/C and can be found by the slope of the Charge 

vs. Force plot above in Figure 18. 

 

The calibration constant (k) was entered into the custom Labview program to have Force vs. 

translation distance plots. After the calibration procedure, the same range of calibrated 

masses were again loaded, and the force measured by the FNE device by the software was 

verified to be in agreement with the force computed via Fg = m g. 

 

 

 

3.7 Data recording, processing and analysis 

 

Insertion force measurements were recorded while the FNE device was translated at 12 

mm/s at 1 kS/s (Samples per second). The following variables were stored on the computer 

as a text file; Time stamp(s), stage position (mm), Integrated current (A) and Force (N).  

 

Raw data were smoothed and plotted as force versus distance profiles in MATLAB (Figure 

19, etc.). Manual constrained zoom on MATLAB figure was used to obtain three zoomed in 

portions from the Figure 19 force profile, i.e., (i) air region, (ii) gel layer region and (iii) pear 

layer. These zoomed in portions were baseline adjusted (1st order polynomial (linear) fit was 

used in baseline adjustment) and shown in Figure 20 for ease of comparison and for 

roughness parameter calculation. First derivative of force (dF/dx) with respect to distance (x) 

was calculated using a custom written code (calculates derivative between 3 data points) in 

MATLAB. 

Formulae for one-dimensional roughness parameters (shown in 1-D Roughness Analysis 

section) - HF and HS were embedded in a MATLAB code for automatic calculation and 
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plotting of the figures for roughness analysis. Selected portions from different regions of raw 

force profile data was used as the input for one dimensional force heterogeneity (HF) 

calculations, and selected portions of first derivative plots were used as the inputs for one 

dimensional stiffness heterogeneity (HS) calculations. 
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CHAPTER 04 

RESULTS AND DATA ANALYSIS 
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4. Results and Data Analysis 

 

4.1 Results on haptically inspired gel-pear specimen 

 

Previous work by Ragavendra et al (Ragavendra, Ju et al. 2008) described qualitative 

differences in haptic perception of needle insertion forces during manual penetration into 

malignant and benign thyroid tumors analogous to unripe pear and gel respectively. This 

initial inspiration prompted us to take our preliminary FNE force measurements using a 

specially prepared specimen of a 10 mm unripe pear slice embedded in gelatin as explained 

above in the methods section. 

 

 

Figure 19 Force profile measured using FNE Device for a specimen of 10 mm pear 

slice embedded in 6% gel (as shown in the inset at the top by a picture of the glass 

vial filled with gel and the pear layer at the end) at 12 mm/s translation velocity. The 

FNE Device needle path before contacting the specimen (through air) is indicated 
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by a dashed arrow in the region (i). At the end of the region (i) the needle contacts 

the gel layer and travels through the gel in region (ii). Corresponding force profile 

shows a slight slope in the region (ii). At region (iii) needle travels through the pear, 

showing high heterogeneity marked by corresponding small pointers (non-bold) on 

the force versus needle translation distance curve. The zoomed in portion of the 

force profile on the top-right inset shows the ability to resolve the features with 

differences in mechanical properties in the micrometer scale (two features with 

different mechanical properties within 20 μm can be resolved as indicated). 

 

 

A typical force profile obtained for FNE needle insertion through a gel and pear specimen is 

displayed in Figure 19. First, the needle travels through air at region (i) until it contacts the 

gel at the end of region (i) as indicated by point of contact. The corresponding force profile of 

region (i) shows zero force as no contact had been made yet. At region (ii), the needle 

travels through the gel layer. Corresponding force profile shows a slight slope at region (ii) 

representing the resistive force acted on the needle by the gel. Also, the smoothness of the 

force profile in this region (ii) implies that there is minimal variation in force, due to minimal 

variation in mechanical properties within the 6% gel layer. Next, the needle traverses 

through the pear layer at region (iii). Force profile for region (iii) shows significant 

heterogeneity compared to regions (i) and (ii), as indicated by small pointers (non-bold). A 

zoomed in portion of the force profile within the pear layer is shown on the inset. It was 

evident that the features with different mechanical properties can be resolved in the range of 

20 - 100 μm. These small peaks of force are confirmed to be due to real occurrences of 

mechanical property changes within features in that size scale by doing a noise analysis. 

The noise of the signal found to be in much smaller scale than 10 μm, indicating these small 

peaks pointed above are due to the needle interaction with real features. 
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4.2 One Dimensional Roughness Analysis 

 

As explained in the section 3.7, we measured and recorded the F(t), the force profile with 

time and stage position(x). However, in practice, the original absolute position of the tissue 

could slightly change due to the deformations during needle insertion. Considering these 

deformations within the tissue is small, we may directly convert F(t) to F(x) using the stage 

trajectory x(t) which allows us to plot Force(x) vs. translation distance(x) profiles. 

 

The current signal represents the charge generated at the piezoelectric transducer in FNE 

device according to (recall eqn (3.2)); 

� =  
��

��
 

 Where � the current and dq/dt is the change in charge with respect to time. 

The change in charge is proportional to the change in force (recall eqn. (3.1)); 

� = ���
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By taking the derivative with respect to time of both sides of the eqn. (3.1); 
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��

��
=

��

��
�                                    (4.2) 

 

From Eqn (4.1) and Eqn (4.2); 

� ∝ ����
��

��
                                (4.3)    

 

Where ��/�� has the units of material stiffness (N/m), d31 is the piezoelectric constant and 

� = (��/��).  

 

Since the piezoelectric constant (d31) and velocity (v) remains constant throughout the 

measurements, according to Eqn (4.3), the current signal(i) measured by the FNE Device 

will be proportional to the local tissue stiffness (dF/dx), with may be some contributions from 

time dependent force variations (dF/dt).  

 

 

4.2.1 Force Heterogeneity (HF) and Stiffness Heterogeneity (HS) 

 

In our attempt to quantitatively differentiate the heterogeneity of local biomechanical 

properties, we used force analogs of 1-dimensional roughness parameters, which we 

introduce here as the Force Heterogeneity (HF) and the Stiffness Heterogeneity (HS). 

These HF and HS were calculated for force (F(x)) and for the first derivative of force (dF/dx) 

using MATLAB software as per the below explained equations (equations (4.5)-(4.8)). 

 

As shown in the equation (4.5), one-dimensional Average Force Heterogeneity – HF,a 

calculates the average deviation of all points of the force profile from a mean line over the 

evaluation length.  
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Force analogs of the roughness parameters used to evaluate roughness of line profiles were 

created by replacing height of a line profile by force, according to the following standards: 

ASME B46.1-1995, ASME B46.1-1985, ISO 4287-1997, ISO 4287/1-1997).  

 

Root mean square Force Heterogeneity – HF,q calculates the root mean square value for the 

average of the measured deviations taken within the evaluation length and measured from 

the mean line according to equation (4.7). Equation (4.6) and (4.8) respectively uses the 

same formulae from above with the first derivative of force (dF/dx) in place of force (F) to 

calculate average Stiffness Heterogeneity (HS,a) and root mean square Stiffness 

Heterogeneity (HS,q). 

 

 

Average Force Heterogeneity; 

��,� =  
�

�
� ��� − ���

�

�� �

                                                  (�. �) 

�� – measured force at point j 

�� – mean of measured force within the evaluation distance 

N – Number of data points 

 

 

Average Stiffness Heterogeneity; 

��,� =  
�

�
� ��

��

��
�

�
− �

��

��

����
��

�

�� �

                                     (�. �) 

�
��
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�

�
  – Mean of first derivative of force at point j 

�
��

��

�
� – Mean of first derivative of force within the evaluation distance 
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 Root mean square Force Heterogeneity; 

��,� = �
�

�
� ��� − ���

�
�

�� �

                                            (�. �) 

�� – measured force at point j 

�� – mean of measured force within the evaluation distance 

 

 Root mean square Stiffness Heterogeneity; 

��,� = �
�

�
� ��

��

��
�

�
− �

��

��

����
��

��

�� �

                                 (�. �) 

�
��

��
�

�
  – Mean of first derivative of force at point j 

�
��

��

�
� – Mean of first derivative of force within the evaluation distance 

 

 

 

 

The calculated average Force Heterogeneity (HF,a) and root mean square Force 

Heterogeneity (HF,q) parameters are in the units of mN. And the average Stiffness 

Heterogeneity (HS,a)and root mean square Stiffness Heterogeneity (HS,q) are in the units of 

kN/m.  
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Figure 20(a) Baseline adjusted and zoomed in portions from three major regions of the FNE 

needle travel path, i.e., (i) air region (ii) gel layer and (iii) pear layer of the force profile 

obtained from Figure 19. Force profile for the pear layer shows significantly higher 

heterogeneity compared to both the gel layer and air regions. (b) One-dimensional force 

heterogeneity parameters (HF,a - one-dimensional average force heterogeneity and HF,q - 

root mean square force heterogeneity) calculated for the force profiles shown in Figure 

20(a). (c) First derivative of force plot for the portions of force profile obtained within (i), (ii) 

and (iii) regions from Figure 20(a). Features with change in biomechanical properties within 

micrometer scale (> 40 μm) can be resolved as indicated. (d) One-dimensional stiffness 

heterogeneity parameters (HS,a - average stiffness heterogeneity and HS,q - root mean 

square stiffness heterogeneity calculated for the first derivative of force from Figure 20(c). 
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Figure 20(a) shows a comparison of baseline adjusted force for three major regions ((i) air 

region, (ii) gel layer and (iii) pear layer) obtained from the force profile in Figure 19. 

Significantly high variations of mechanical properties within the pear layer region are clearly 

evident compared to air and gel regions. Figure 20(b) shows the Force Heterogeneity (HF,a, 

HF,q) parameters calculated for the force profiles shown in Figure 20(a). This side by side 

comparison of Force Heterogeneity parameters quantitatively validates the significantly high 

variations of mechanical properties within the pear layer compared to the other regions. 

 

Figure 20(c) shows the first derivative plot for portions of force profile taken within the three 

major regions (i), (ii) and (iii) of Figure 20(a). The first derivative of force with respect to 

distance has the same units as stiffness (N/m) (refer to section 4.2). As evident from the 

Figure 20(a) the variation of force in air and gel layers was minimal. Therefore the first 

derivative plot (Figure 20(c)) shows that the derivative lines of air and gel overlap on each 

other, whilst the pear region (iii) shows significantly high variations of the first derivative. As 

indicated on the Figure 20(c), micrometer scale features (~ 40 μm) with change in 

mechanical properties can be resolved from the first derivative plot. However recalling the 

best achievable resolution of the FNE measurements (12 μm) according to the experimental 

setup explained in chapter 03, we think this may be due to non availability of features less 

than 40 μm within the region that we measured. 

 

Quantification of these mechanical property variations is shown by the stiffness 

heterogeneity parameters in Figure 20(d). Significantly high average Stiffness 

Heterogeneity - HS,a and  root mean square Stiffness Heterogeneity  - HS,q values for the 

pear layer represents the high local variations of mechanical properties within the pear layer, 

compared to the other regions. 
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Aforementioned preliminary force measurements of FNE device for the gel and pear 

specimen depicts promising results on the ability of FNE device in differentiating 

heterogeneity within the pear region compared to the gel region. However, testing of the 

usefulness of the FNE device in evaluating real tumors based on inherent heterogeneity of 

tissue biomechanical properties needs to be further pursued.  

 

 

 

 

4.3 Characterization of Needle Insertion Forces  

 

Characterization of the forces during needle insertion into soft tissue is important for 

preoperative planning and realistic surgical simulations of many percutaneous therapies and 

diagnostic techniques including FNAC. Also it is important to have a basic understanding of 

needle-tissue interaction mechanics in order to better comprehend the results presented in 

the latter sections of this dissertation. Therefore, here I wish to provide some insights in 

identifying different kinds of forces involved in needle insertion and their behavior with 

change of several parameters. 

 

There have been several theoretical models developed that describe needle-tissue 

interaction mechanics in terms of forces and displacement (Okamura, Simone et al. 2004; 

Abolhassani, Patel et al. 2007; Misra, Ramesh et al. 2008; Cowan, Goldberg et al. 2011). 

Okamura and Simone have shown several studies on needle insertion forces and presented 

a basic needle-tissue interaction force model (Simone and Okamura 2002). The first in vivo 

force measurements in human soft tissue were performed by Podder and coworkers during 

a prostate brachytherapy procedure (Podder, Sherman et al. 2006). 
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4.3.1 Force Modeling for needle insertion 

 

Conceptually, a needle inserting into a vacuum will experience only inertial forces, Finertial(t).  

On insertion into real materials, the material will resist penetration so that the needle 

experiences forces opposite the direction of penetration. These insertion forces are, in the 

order in which they are experienced, Fstiffness(t), which describes forces that arise from the 

deformation of the tissue, Fcutting(t), which is due to cutting as the needle splits the tissue 

apart, and Ffriction(t), which describes friction as the needle walls slide past the tissue through 

which the needle has already penetrated.  Each of these forces can be expanded to 

describe higher order behavior as well. For instance, Fstiffness(t), could also describe 

nonlinear stiffness or plastic deformation of the tissue. Joining these terms together, the 

total axial force acting on the needle can be shown by below equation (4.9);  

 

�������(�) =  ����������(�) + ��������(�) + ���������(�) + ���������(�)    (�. �) 

 

Equation (2) represents the major forces for needle insertion(Okamura, Simone et al. 2004). 

The total force acting on the needle is the sum of stiffness force – the elastic restoring force 

at the tip of the needle due to deformation of the soft-tissue, cutting force – the force 

required to cut through the tissue material acting on the tip of the needle and frictional force 

– the force acting on the walls of the needle due to the relative motion between needle and 

tissue. Figure 21 shows the distribution of the forces, points of action and directions of the 

forces throughout the needle. Frictional forces are acting on the walls of the needle shaft 

while the needle traverses through the soft tissue. Frictional forces mainly depend on the 

relative motion (relative velocity) between the needle shaft and the tissue, type of tissue and 

contact area. Since the contact area between the tissue and needle shaft increases 

gradually with insertion the frictional forces also will increase accordingly. Frictional forces 

are more or less uniformly distributed along the needle shaft according to the literature. Tip 
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force can be stiffness force or cutting force depending on the phase of translation which will 

be described later. We consider that the stiffness force occurs before the main puncture into 

the soft tissue. Also that the cutting force and the friction force are the only forces acting 

throughout the insertion after the main puncture. Cutting forces include the plastic 

deformation from the act of cutting as well as the force resulting from tissue stiffness at the 

tip of the needle. And the friction force is also a function of the internal biomechanical 

properties (stiffness) of the tissue. Thus, we can conclude that the measured total axial force 

is a function of the local biomechanical properties of the respective tissue. 

 

 

Figure 21 Illustration of the distribution of the forces showing directions and point of action 

for different kinds of forces acting on the needle contributing to the total axial resistant force 

on the needle. Cutting force required to cut through the tissue and the elastic restoring force 

due to tissue deformation – stiffness force, acts on the tip of the needle. Stiffness force acts 

before the main puncture event on the tip, and the cutting force acts after the main puncture 

event; Friction force is acting on the walls of the needle shaft due to the relative movement 

between tissue and the needle. 

 

 

Normal Force 



 

4.3.2 Phases in Needle Insertion

 

It is important to understand the different phases of needle insertion. Mainly a typical needle 

insertion into soft tissue can be divided into three phases.  Schematic in 

the different stages (I-IV) of a typical needle insertion into soft

 

Figure 22 Schematic

insertion into soft tissue. Stage one showing the needle before 

contact with the tissue, stage two the needle pushing the skin 
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4.3.2 Phases in Needle Insertion 

It is important to understand the different phases of needle insertion. Mainly a typical needle 

insertion into soft tissue can be divided into three phases.  Schematic in 

IV) of a typical needle insertion into soft tissue.  

 

Schematic showing four main stages of needle 

insertion into soft tissue. Stage one showing the needle before 

contact with the tissue, stage two the needle pushing the skin 

Stage I 

Stage II 

Stage III 

Stage IV 

It is important to understand the different phases of needle insertion. Mainly a typical needle 

insertion into soft tissue can be divided into three phases.  Schematic in Figure 22 depicts 

showing four main stages of needle 

insertion into soft tissue. Stage one showing the needle before 

contact with the tissue, stage two the needle pushing the skin 
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layer and at maximum deformation and stage three showing the 

main puncture event where needle is starting to penetrate through 

the soft tissue and finally the stage four showing the needle 

traverse through the tissue while the tip is fully inside the tissue 

and cutting through it. 

 

Initially in stage I the needle has not yet made contact with the tissue, therefore, no needle-

tissue interaction occurs in this stage. Once the needle makes contact with the tissue, it will 

deform the tissue with the boundary (skin layer) until it reaches the ultimate elastic strength 

of the skin layer. When the stress reaches a certain critical value a crack will be initiated 

leading to the main puncture event(Kobayashi, Onishi et al. 2008).  

 

Stage I and II can be categorized into the initial phase 1, where zero relative velocity 

between tissue and the needle and thus only the elastic (stiffness) forces may be relevant in 

this phase 1. At the end of the phase 1 needle tip punctures the skin layer entering the 

tissue as shown in Figure 22 stage III (puncture event). Usually after this main puncture 

event since a lot of stored elastic energy is used to the crack initiation and propagation, a 

sudden drop in the force curve can be observed. Sometimes it can be even more resolved 

into two peaks where initial puncture is the first peak and the second peak (higher than the 

first peak) would be for reaching the end of the tip and entering the shaft completely into the 

tissue.  

 

After the main puncture event, the needle is in phase 2, where the tip enters into the tissue 

until it reaches the start point of the main shaft (cannula) with a gradually increasing crack 

size. At this phase 2, the contact area between needle tip and the tissue increases 

depending on the tip shape while the tip cuts through the tissue and penetrate.  
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At the end of the phase two, the needle enters into phase 3 as shown in stage IV in Figure 

22. At this phase 3 the needle advances through the tissue while the tip is fully inside the 

tissue. Here we can observe relative motion between tissue and needle shaft causing 

frictional forces. According to Mahvash and Dupont(Mahvash and Dupont 2009), a needle in 

phase 3 can also encounter small rupture events depending on the significant differences in 

toughness of consecutive tissue layers. As the needle advances, the contact area between 

tip and the tissue remains more or less constant while the contact area between the needle 

shaft and the tissue increases gradually. The constant contact area at the tip (quasi-steady 

cutting) leads to almost constant cutting force at the tip while the increasing contact area at 

the shaft leads to increasing frictional forces at the shaft. There has been some research 

done on this which shows the cutting force at the tip remains more or less constant during 

the insertion(Hing, Brooks et al. 2006). 

 

In short, the needle will deform the skin boundary layer with the soft tissue to a critical point, 

where it experiences only elastic stiffness force and then it will puncture through the skin 

layer entering the soft tissue where it will experience cutting forces at the tip and frictional 

forces along the walls of the needle shaft. Distribution of the frictional forces along the 

needle shaft remains more or less constant. While there is a constant peak force at the tip 

due to the action of quasi-steady cutting, frictional forces along the shaft will linearly 

increase gradually as the needle advances into the tissue due to the increased contact area 

between tissue and the needle shaft. This is also supported by many examples available in 

the literature. (O'Leary, Simone et al. 2003; Meltsner, Ferrier et al. 2007; Kobayashi, Onishi 

et al. 2008; Mahvash and Dupont 2009)(Some initial FNE measurements with meat is 

shown in Appendix A, Figure A11 and Figure A12) 
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4.3.3 Estimation of the cutting force 

 

 

Figure 23 Force curves for two consecutive insertions at the same insertion path for the 

needle insertion into ultrasound phantom neck at constant velocity 12 mm/s. (a) shows a 

(a) 

(b) 
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force curve for insertion into the solid nodule (b) shows a force curve for no nodule ( control) 

region. It is evident on the solid nodule (a) that the cutting through the nodule was done in 

the by the 1st insertion (blue) curve showing more heterogeneity (nodule region: 40 – 45 

mm) where as the heterogeneity is absent in the same region in the second insertion 

(green). 

 

 

There have been several efforts in estimating cutting forces in needle insertion into artificial 

material and biological soft tissue. One method is to do consecutive insertions at the same 

point and estimate the cutting force by subtracting the consecutive force curves.  It needs to 

be ensured that the needle follows the same path during the consecutive insertions in order 

to have an accurate estimation of cutting force. This may be easily done in artificial phantom 

material, however may be much difficult in biological tissue due to more variability in tissue 

properties which makes it difficult to perform insertions in a controlled situation. 

 

Figure 23 shows two consecutive insertions at the same point measured by the FNE Device 

using the ultrasound phantom neck specimen. Figure 23 (a) shows two consecutive force 

curves for the needle insertion through a solid nodule while (b) shows the same for the no 

nodule control region. It is clearly evident from the region 40 - 45 mm in (a), which 

corresponds to the solid nodule region that the heterogeneity seen in the 1st insertion (blue) 

is absent in the 2nd insertion (green). This means the action of cutting through the tissue is 

completed in the first insertion whereas second insertion only involved the frictional forces. 
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Figure 24 Estimation of cutting force. Force curves measured with the FNE device by two 

consecutive insertions at the same insertion point and path (blue-1st insertion, green-2nd 

insertion). (a), (b) and (c) shows three different sets of force curves measured with the 6% 

(c) 

(b) 

(a) 
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gel specimen. Cutting force(red curve) is computed by subtracting two consecutive force 

curves assuming the second insertion does not involve any action of cutting because the 

needle travels through the previously cut path.  

 
 
 
Figure 24 depicts three sets of force curves (a), (b) and (c) measured using FNE Device by 

inserting the needle twice at the same insertion point consecutively. These measurements 

were taken using 6% gel specimen at constant insertion velocity (20, 16, 12 mm/s 

respectively). Blue force curves show the 1st insertion and green curves show the 2nd 

insertion through the same path. Cutting force (shown in the red curve) is estimated by 

subtracting the 1st and 2nd insertion force curves. It was ensured that the needle travels 

through the same path in the both insertions by careful observation of the needle path 

(Needle tip path can be seen through the gel as it is transparent and the two consecutive 

FNE measurements were taken within a short time period to avoid any restorations). 

 

 
 
 
 
 
4.3.4 Effect of Velocity on Needle Insertion Force 
 
 
 

Insertion velocity is another main factor that affects the axial needle insertion force. Even 

though in depths study of the effect of insertion velocity on the FNE measurements is 

beyond the scope of this dissertation, I wish to provide brief insights into it in this section for 

the completeness. Insertion velocity during different clinical procedures varies widely 

depending on the type of tissue/organ and specific requirements of each percutaneous 

medical procedure. Insertion velocities ranging from approximately 0.4 mm/s to 500 mm/s 

had been reported in literature which are measured and/or estimated based on feedback 

from physicians during different medical procedures such as interventional radiology 



 

procedures, epidural procedures, prostate brachytherapy and etc.

1998; Healey, Evans et al. 2005; Abolhassani, Patel et al. 2006)

performed by well experienced physician Dr. Ragavendra at Ronald Regan UCLA Medical 

Center, we found the approximate velocity is about 12 mm/s. 

 

 

Figure 25 Velocity effect on axial force measured using FNE Device. Constant insertion 

velocities varying from 16 – 

foam material with sub millimeter

specimen shown on the top picture. Needle insertion in consecutive different velocities was 

done at a fresh insertion point for each velocity.
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procedures, epidural procedures, prostate brachytherapy and etc.(Hiemenz, Stredney et al. 

1998; Healey, Evans et al. 2005; Abolhassani, Patel et al. 2006). For FNAC procedures 

performed by well experienced physician Dr. Ragavendra at Ronald Regan UCLA Medical 

Center, we found the approximate velocity is about 12 mm/s.  

Velocity effect on axial force measured using FNE Device. Constant insertion 

28 mm/s are used during the measurements. Layers of white 

sub millimeter scale stiffness variations were embedded in 6% gel in the 

specimen shown on the top picture. Needle insertion in consecutive different velocities was 

done at a fresh insertion point for each velocity. 

(Hiemenz, Stredney et al. 

. For FNAC procedures 

performed by well experienced physician Dr. Ragavendra at Ronald Regan UCLA Medical 

 

Velocity effect on axial force measured using FNE Device. Constant insertion 

28 mm/s are used during the measurements. Layers of white 

scale stiffness variations were embedded in 6% gel in the 

specimen shown on the top picture. Needle insertion in consecutive different velocities was 



 

During actual percutaneous clinical procedures involving biological 

difficult to maintain a constant velocity (refer to 

insertions always have high variations of velocity depending on the procedure and the type 

of tissue/organ and the level of expertise of the clinician. However, to investigate the ef

of insertion velocity in axial force it is necessary to keep the insertion velocity constant in 

order to ensure controlled experimental conditions. 

effect of insertion velocity on the axial force.

 
 

Figure 26Velocity effect on axial force measured using FNE Device. Constant insertion 

velocities varying from 20 – 

foam material with sub millimeter

specimen shown on the top picture. Needle insertion in consecutive different velocities was 

done at a fresh insertion point for each velocity.
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During actual percutaneous clinical procedures involving biological tissue/organs

in a constant velocity (refer to Appendix A Figure A13). Hand held manual 

insertions always have high variations of velocity depending on the procedure and the type 

of tissue/organ and the level of expertise of the clinician. However, to investigate the ef

of insertion velocity in axial force it is necessary to keep the insertion velocity constant in 

order to ensure controlled experimental conditions. Figure 25 and Figure 26 

effect of insertion velocity on the axial force. 

Velocity effect on axial force measured using FNE Device. Constant insertion 

32 mm/s are used during the measurements. Layers of white 

sub millimeter scale stiffness variations were embedded in 6% gel in the 

specimen shown on the top picture. Needle insertion in consecutive different velocities was 

done at a fresh insertion point for each velocity. 

tissue/organs, it is very 

). Hand held manual 

insertions always have high variations of velocity depending on the procedure and the type 

of tissue/organ and the level of expertise of the clinician. However, to investigate the effect 

of insertion velocity in axial force it is necessary to keep the insertion velocity constant in 

Figure 26 shows the 

 

Velocity effect on axial force measured using FNE Device. Constant insertion 

32 mm/s are used during the measurements. Layers of white 

scale stiffness variations were embedded in 6% gel in the 

specimen shown on the top picture. Needle insertion in consecutive different velocities was 



80 
 

As shown in Figure 25 and Figure 26, the effect of velocity on axial force seems to be 

positive. That means the increased velocity leads to nonlinearly increased total axial force 

acting on the needle. This result is comparable with the data available in the literature where 

they investigated the effect of velocity on total axial force in needle insertions into artificial 

phantom materials at varying velocities in the range of 1 – 20 mm/s(DiMaio and Salcudean 

2003; Crouch, Schneider et al. 2005; Meltsner, Ferrier et al. 2007; Naemura, Uchino et al. 

2007). Increase in the axial force and the slope of the force distance curve may be due to 

increased frictional forces acting on the needle shaft at higher velocities. For biological 

tissue, some research suggests that the puncture force decreases with the increased 

velocity. An in depth investigation of characterization of forces involving biological tissue is 

yet to be pursued. 

 

Amongst the main factors affecting the total axial forces in needle insertions are insertion 

velocity, needle tip type (bevel orientation), type of tissue (artificial /biological), lubrication, 

rotation, insertion method and insertion angle. Summary of these parameters and how each 

of them affects the axial force and other forces acting on the needle is shown in the 

Appendix Table A14. 
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4.4. Results and Data Analysis on phantom nodules 

 

With the promising results of FNE measurements using the developed prototype of FNE 

Device shown in the section 4.1 with haptically inspired gel pear specimen, we wanted to 

further investigate the feasibility of the FNE Device in evaluating thyroid nodules. Thus, an 

ultrasound phantom neck made with artificial tissue material to ultrasonically mimic the 

human thyroid nodules was used as a specimen. Fluid nodules (cysts) and solid nodules 

(stiff lesions) within the thyroid lobes in the phantom neck were subjected to FNE 

measurements at constant velocity under real time ultrasound observation and the results 

and analysis are presented in this section. 

 

 

 4.4.1 Fluid Nodule 

 

Figure 27 shows a representative force profile for the FNE device needle traversing through 

a fluid nodule (cyst of size ~8mm) within the phantom neck in comparison with the control, 

i.e., simulated healthy thyroid tissue (no nodule region). The represented force curve (green) 

consists of three main regions of the needle path. The region (a) shows zero force as the 

needle travels through the air as no contact has been made yet with the phantom neck. As 

the needle approaches the region (b) it punctures through the phantom, followed by a 

constant slope region, which corresponds to the travel through the skin (boundary) and sub 

surface layer of artificial soft-tissue material. Subsequently, the needle enters the first fluid 

nodule (region (c)), as marked by two dark arrows in the ultrasound image, and matched 

with respective arrows on the force curve. The change of the slope in this region is due to 

relatively less resistance to travel within the fluid nodule. Furthermore, the smoothness of 

the curve in this region (c) confirms the minimum heterogeneity of mechanical properties 

and easy penetration experienced by the FNE Device needle while traversing through a fluid 
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nodule. This is more evident by the zoomed in comparison shown in the inset for the control 

and fluid nodule force curves. Force curve for the fluid nodule (green) clearly shows a very 

smooth profile compared to the significant heterogeneity shown in the control force curve 

(black). 

 

 

Figure 27 Force profile for the FNE needle inserted through a ~ 8 mm Fluid Nodule, 

compared with a control force profile for artificial soft-tissue (No nodules). Top image shows 

the real-time ultrasound image of the fluid nodule and the needle path, scaled to match the 

force profiles. First region (a) represents the FNE device travel through the air, showing zero 

force on the force profile. At the end of the region (a), device enters the phantom neck soft 
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tissue material and travels through region (b) showing a smooth slope in force profile. This 

slope represents the resistance force acted on the needle by the sub surface layer of 

artificial soft tissue. FNE device travels through the fluid nodule in region(c), showing a 

smooth force profile compared to the control (no nodule). This is even more evident in the 

zoomed in inset at the right top. 

 

Force profile for ‘no nodule region’ of the phantom served as a control and showed a 

significant amount of heterogeneity (Figure 27, black curve). This was likely due to the 

inhomogeneous nature of the phantom elastomer material in that region, which was also 

evident from the ultrasound images. 

 

 

 

4.4.2 Solid Nodule 

 

The solid nodules of size ~15 mm present in the CIRS phantom are designed to 

ultrasonically mimic the properties of actual thyroid carcinoma. A typical force profile for FNE 

needle insertion through a solid nodule is shown in Figure 28. Similar to the fluid nodule 

force profile shown in Figure 27, we observed the first two regions as zero force (region (a)) 

followed by a constant slope (region (b)) for travel through the artificial soft tissue boundary 

layer. At 22 mm (marked with the white arrow), the FNE needle punctures through the 

outermost layer (corresponding to the skin region) of the elastomer and subsequently 

traverses to the next inner layer, which consists of more heterogeneity. The boundary 

between these two layers can be seen by the white contrast line in the ultrasound image 

(Figure 28, top panel), also marked by the white pointer at needle path and matched with 

the corresponding pointer on the force curve.  
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Figure 28 a representative force profile for the FNE needle insertion through ~15 mm solid 

nodule, showing greater variations of force within the nodule region. Top image shows the 

real-time ultrasound image of the Solid nodule and the needle path, scaled to match the 

force curves. In the region (a) the FNE device travels through the air showing zero force on 

the respective force profile. Region (b) corresponds to the needle travel through the first 

artificial soft tissue boundary layer. Force profile shows a steep slope for this region (b) 

representing the resistance force acted on the needle by the soft tissue. FNE device 

transitions into a different layer of artificial soft tissue (at white arrow~ 22mm) with more 
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heterogeneity. This is evident from the force profile showing significant variations. Then the 

FNE device enters the solid nodule (marked as *) and travels through it at region (c). 

Zoomed in inset on the top right shows significantly high variations in force profile within the 

solid nodule. 

Finally, the FNE needle punctures through the solid nodule at 34 mm (marked as *) and 

travels through it to the end. The force profile through region (c) shows substantially greater 

variations in force within the solid nodule region, compared to the control and fluid filled 

nodule regions (Figure 24), also shown in the zoomed in section in the inset (Figure 25). 

The differences in force profiles within the two kinds of nodule regions was observed even 

more evidently by the zoomed in comparison shown in Figure 26. 

 

 

 

4.4.3 Comparison of the Force Curves for Fluid Nodule, Solid Nodule and 

Control (no nodule) 

 

Figure 29 compares the three force profiles for needle insertion through (a) fluid filled 

nodule (b) solid nodule and (c) no nodule control region. Different portions of force profiles 

are extracted from Figure 27 and Figure 28 within the respective nodule regions and scaled 

together for side-by-side comparison. The real-time ultrasound images are shown to the 

right, representing the FNE needle travel path for the respective curves. Note that the 

ultrasound images are not shown to the scale. Clear differentiation of Solid Nodule from the 

Fluid Nodule was observed as the solid nodule force profile (b) shows significantly high 

heterogeneity compared to the fluid nodule force profile (a). Control region (c), also showed 

some heterogeneity due to the small irregularities present in the artificial soft tissue region. 
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Comparing the level of heterogeneity seen in three force curves (a), (b) and (c) we can 

conclude that the solid nodule has significantly high variation of intranodular biomechanical 

properties compared to the fluid nodule and control. This is also somewhat evident from the 

ultrasound images by white contrast spots seen within the solid nodule. Quantification of this 

heterogeneity of force and local biomechanical properties (stiffness) will be done in the next 

section for quantitative comparison. Further analysis of these variations can be seen in 

Figure 30 presented as running standard deviation of force. 

 

 

Figure 29 Comparison of force profiles (a) inside a Fluid Nodule, (b) inside a Solid Nodule 

and (c) No nodule control – artificial soft-tissue. Ultrasound images are merely a 

representation, not shown to the scale. Significantly high variations can be seen for the force 

profile for solid nodule (b) compared to fluid nodule (a) and control(c). (Note that the boxes 

on the needle path arrows on US images represent that the section of the force profile taken 

is within the respective nodule, however does not necessarily span for the entire travel 

through the nodule) 
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Figure 30 comparisons of two force curves and standard deviation (SD) of force for solid 

nodule and no nodule control. Top plot shows the force curve and SD of force for a solid 

nodule and the bottom plot shows the same for the control (no nodule region). Running 
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standard deviation was computed using a formula where it calculates the SD within 10 

consecutive data points (each data point 12um apart) of each force curve. On the top plot, it 

is clearly evident that from the start of the solid nodule (~34 mm) significantly high variations 

of standard deviation of force which spans throughout region within the solid nodule. 

 

 

Figure 30 shows a comparison of force profiles and standard deviation of force plot for a 

solid nodule (on the top plot) and for a no nodule control (bottom plot). Higher the standard 

deviation of force means higher the variation of force within any region with high 

heterogeneity of local biomechanical properties. Therefore, the running standard deviation of 

force graph is a good indication in differentiating various kinds of nodules with varying 

intranodular biomechanical properties. In the solid nodule plot (Figure 30 top) the 

intranodular region starting from ~34 mm shows significantly high variations of standard 

deviation of force in comparison to the SD of force within the no nodule control region shown 

in the bottom plot. 
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4.4.4 1-D Roughness Analysis of Simulated Phantom Nodules and Healthy 

Tissue 

 

As seen in the force profiles and SD of force plots presented above in Figures 27 – 30 solid 

nodule, fluid nodule and control region, it is evident that there is a wealth of variation of 

heterogeneity of intranodular mechanical properties between different kinds of nodules. This 

suggests that it can be used to differentiate the nodules, leading to the ultimate goal of this 

line of research - differentiating malignant and benign nodules/tissue depending on their 

intranodular biomechanical properties. Thus a quantification of these mechanical property 

variations is presented below in Figure 31 by using the same heterogeneity parameters (HF,a 

– one dimensional average force heterogeneity, HF,q – root mean square force 

heterogeneity, HS,a – one dimensional average stiffness heterogeneity and HS,q – root mean 

square stiffness heterogeneity)  used to analyze haptically inspired gel pear specimen in 

section 4.2. 

 

Force profile portions extracted within three major regions (i.e., within solid nodule, fluid 

nodule and no nodule control) are baseline adjusted and depicted in Figure 31(a). Solid 

nodule force curve shows highest variations in force compared to the fluid nodule and no 

nodule control (artificial healthy soft-tissue). These aforementioned variations in force are 

derived from the non-uniformity of mechanical properties within the solid nodule, which is 

also evident from the sonograms of the solid nodule shown in Figure 28 and Figure 29.  

 

Quantification of these variations of force within different kinds of nodules is done in Figure 

31(b). Force heterogeneity parameters (HF,a, HF,q) calculated for the baseline adjusted force 

profiles (Figure 31(a)) are compared side-by-side in Figure 31(b). Both HF,a and HF,q values 

for the solid nodule are several magnitudes higher than those for the fluid nodule and the 

control. Note that the HF,a for the solid nodule is about 7 times higher than that for the fluid 
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nodule and the value of HF,q is about 8 times higher  for the solid nodule than the fluid 

nodule. 

 

Figure 31 (a) a comparison of force profiles for control (simulated healthy thyroid tissue), 

fluid nodule and solid nodule regions. Selected force profile portions are fitted with first order 

polynomial (linear) and baseline adjusted (b) One-dimensional force heterogeneity 

parameters (HF,a - one-dimensional average force heterogeneity and HF,q- root mean square 

force heterogeneity) are calculated for the force profiles shown in Figure 31(a). (c) First 

derivative of force profiles within solid and fluid nodules compared with the control 

(simulated healthy soft-tissue) region. First derivative of force (dF/dx (N/m)) shares the same 

units with one-dimensional stiffness of the tissue. Thus, high variations of dF/dx for solid 

nodule, compared to fluid nodule and control validates the high local variations of 
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mechanical properties within the solid nodule. Features with change in local biomechanical 

properties within micrometer scale can be resolved. (d) One-dimensional stiffness 

heterogeneity parameters, HS,a, (one dimensional average stiffness heterogeneity) and HS,q 

(root mean square stiffness heterogeneity) calculated for the first derivative of force within 

control-no nodule, fluid nodule and solid nodule regions from Figure 28(c). Both stiffness 

heterogeneity parameters (HS,a, HS,q) show significantly high values for the solid nodule, 

compared to fluid nodule and control, quantitatively validating significantly high local 

variations of mechanical properties within a solid nodule. Therefore, these heterogeneity 

parameter values could be potentially used to quantitatively differentiate benign and 

malignant tumors depending on their local variations of biomechanical properties. 

 

 

A baseline adjusted first derivative plot of the portions of force profiles taken from Figure 

31(a) is depicted in Figure 31(c). It is evident that the first derivative (dF/dx) of force with 

respect to translation distance shares the same units as one-dimensional tissue stiffness 

(N/m). Thus, variation of dF/dx is proportional to the local variations of intranodular 

mechanical properties of the material within the phantom neck. First derivative of the solid 

nodule shows significantly high variations, compared to fluid nodule and control. This 

validates the high heterogeneity of intranodular mechanical properties within the solid 

nodule. 

 

Figure 31(d) quantitatively compares the stiffness heterogeneity parameters (HS,a, HS,q) for 

the first derivative of force for control, fluid nodule and solid nodule regions. It is evident that 

the stiffness heterogeneity within the solid nodule is significantly higher compared to the fluid 

nodule and the control. Note that the value of HS,a is about 3 times higher for the solid nodule 

compared to the fluid nodule and the value of HS,q is about 4 times higher for the solid 

nodule compared to the fluid nodule. This quantifies and validates the presence of 

significantly high local variations of mechanical properties within the solid nodule.  
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In summary, preliminary FNE results of haptically inspired gel pear specimen in sections 4.1 

and 4.2 showed promising ability of the developed FNE Device in differentiating various 

kinds of material with different variations of local mechanical properties. Further evaluation 

of the device feasibility was then performed by using the FNE Device for FNE 

measurements in an ultrasound phantom neck containing solid and fluid nodules. The 

results were shown in section 4.4. Quantitative analysis of force heterogeneity and stiffness 

heterogeneity was presented for both gel pear specimen and the ultrasound phantom neck 

specimen. Results of the quantitative analysis showed the ability of the FNE Device to 

quantitatively differentiate the solid nodule from the fluid nodule and the control no nodule 

region. 
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5. Discussion and Conclusion and Future Work 

 

5.1 Discussion  

 

We have successfully demonstrated the resolution and measurement precision of the FNE 

Device in distinguishing the mechanical properties and heterogeneity profiles for gelatin 

matrix (homogeneous), unripe pear (heterogeneous) as well as between fluid nodules 

(homogeneous) and solid nodules (heterogeneous) in ultrasound phantom neck model. Our 

controlled experiments showed promising results that with further evaluation of the FNE 

Device using excised thyroid tissue and in vivo testing may lead to our ultimate goal of a 

clinical handheld FNE Device for differentiation of malignant and benign thyroid tumors with 

higher accuracy and precision compared to the currently available other diagnostics. 

 

Correlation of biomechanical heterogeneity at the scale probed by FNE, to thyroid 

tumor pathology and prognosis: Tumor development in healthy tissues is largely 

accompanied by complex microscopic structural changes in the extracellular matrix (ECM) 

and cellular architecture (~1-10 μm), which are anticipated to develop differentiable 

mechanical responses at the macroscopic tissue level (up to several hundred microns). 

Certain biomechanics characteristics of solid thyroid nodules have been associated with a 

higher likelihood of malignancy (Papini, Guglielmi et al. 2002; Nam-Goong, Kim et al. 2004; 

Cappelli, Castellano et al. 2007). Papillary carcinomas, the most common type of thyroid 

carcinomas, contain complex branching papillae, several hundred microns in size that have 

a fibrovascular core covered by a single layer of tumor cells. Compared to the normal thyroid 

parenchyma, malignant nodules such as papillary thyroid carcinomas have been shown to 

display increased intranodular vascularity, irregular infiltrative margins, the presence of 

multiple microcalcifications and a shape taller than the width measured in the transverse 

dimension (Cappelli, Castellano et al. 2007; Norlen, Popadich et al. 2014). As depicted in 
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Figure 32, the developed FNE Device is capable of probing into the biomechanical 

heterogeneity of tumors within the papillae and calcified regions at greater resolution than 

achievable by other state-of-the art mechanical methods including MRE, US Elastography 

and AFM. Thus, quantitative FNE measurements are very likely to be useful in predicting 

thyroid tumor behavior, in combination with other prognostic tumor markers. Potentially 

combining the FNE measurements with FNAC results and/or Ultrasound Elastography 

results may give increased accuracy in determining between malignant and benign thyroid 

cancers, which may avoid unnecessary surgeries leading to many other complications for 

patients. 

 

 

Figure 32 Comparison of main techniques (AFM, MRI Elastography, Ultrasound 

Elastography and FNE) that are used to measure mechanical properties of soft tissue, 

arranged according to their range of resolution and thus the range of resolvable features 

from respective methods. Our method, FNE lies between the resolvable feature sizes of 

AFM and Ultrasound Elastography/MRI Elastography, which fills in the gap that is not 

accessible from the other methods. 

 

Subsequent in vivo testing on human thyroid nodules will enable us to study the 

requirements under practical conditions of a FNAC procedure, and further improve and 

develop the FNE device. It should be noted that a solid tumor, even though generally most 

of the time is found to be carcinoma, it can also be categorized as either benign (e.g., 

adenomatoid nodule or follicular adenoma) or malignant (papillary thyroid carcinoma, 
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follicular carcinoma, etc). In contrast, a fluid containing lesion also may not be benign in all 

cases (for example cystic papillary thyroid carcinoma). Thus, the clinical utility of our FNA 

technique remains to be determined on actual patients in proper clinical setting. By taking 

FNE measurements of various types of thyroid tumors (carcinoma and adenoma) under 

controlled conditions, we can correlate the future measurements in determining between 

different kinds of thyroid tumors depending on their unique ranges of FNE measurements. 

 

In our current approach, we assumed the tissue deformation is small in characterization of 

forces. However, in practice there could be varying amounts of tissue deformations that 

development of a comprehensive force model including tissue deformation would be a great 

improvement to our method.  Amongst many force characterization models available in the 

literature, most of them use traditional viscoelastic mass-spring models or finite element 

methods. And most of the research involves artificial phantoms. However, to date there is no 

artificial phantom that can accurately imitate the very complex in vivo behavior of biological 

tissue. For more accurate force characterization there are several other factors that should 

be considered in detail. Patient specific parameters such as gender, age, body mass, organ 

type and vascular pressure, temperature and bleeding should also be accounted. Also 

compared to artificial phantom models which have more controlled, linear local mechanical 

properties biological tissue involves non-linear inhomogeneous local variations of 

biomechanical properties. Therefore, more complex real-time modeling should incorporate 

non-linearity, inhomogeneity, viscosity and anisotropy of biological tissue by performing in 

vivo experiments. 

 

In addition, study of needle tissue interaction mechanics and the factors that affect the axial 

force on the needle need to be considered, especially for future in vivo FNE experiments 

involving biological tissue. Effect of needle insertion velocity has shown to have a positive 

effect on the force vs. distance profiles, non-linearly increasing the slope of the force curves 

at increased velocities, suggesting an increase in frictional forces acting on the needle shaft. 
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Smaller gauge needles (larger in diameter) have shown higher frictional forces due to the 

increased contact area in artificial phantoms as well as in in vivo biological tissue 

experiments. Also influence of needle tip type, bevel angle, influence of the stylette need to 

be considered for more accurate modeling. It is found that artificial phantoms may present 

excessive frictional forces compared to the biological tissue. Biological tissue consists of 

bodily fluids such as blood, which will act as lubrication reducing the frictional forces on the 

needle shaft during in vivo experiments. Effect of lubrication appears to have a large effect 

on axial force on the needle during artificial phantom studies. Therefore, this needs to be 

investigated further in biological tissue. For further investigations of FNE Device feasibility 

using fresh excised thyroid tissue (malignant/benign) it should be considered that the tissue 

properties may change significantly with the time and therefore careful consideration of 

timely FNE measurements is needed. 

 

The performance and accuracy of the developed FNE Device may be further improved by 

few additional procedures discussed here. Use of specimen with uniquely known periodicity 

such as block copolymers for FNE measurements may help to determine lowest resolvable 

feature size with the FNE Device. Since the micrometer scale feature size in phantom neck 

tumors cannot be measured by other means, this may be an added advantage to compare 

and calibrate the FNE device improving its accuracy of FNE measurements. This will enable 

us to correlate the size of papillae in papillary carcinoma and other local variations of 

biomechanical properties within the interested size scale in evaluating the FNE utility of FNE 

Device. Some other specimen which may also be used in this regard (shown in Appendix 

A, Figure A15) is different sizes of glass beads (known range of sizes) embedded in the 

gelatin matrix. Another approach would be to make gelatin matrix specimen with added 

calcifications using calcium carbonate powder/beads to imitate the actual size and stiffness 

range of calcifications found in thyroid tumors. 
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Figure 33 shows the ranges of resolution and penetration depth for some of the major soft-

tissue characterization technologies (AFM, Ultrasound Elastography) including FNE. It is 

evident that FNE is capable of covering a major area which is not accessible by the other 

major technologies. Additionally, we predict that FNE may also have extended uses in other 

similar applications which may fall in the same area on Figure 33 covered by FNE 

measurements that may not be achieved with Ultrasound Elastography or AFM. This may 

include investigation of breast cancer, liver cancer and other superficial cancers in 

determining their stiffness heterogeneity for improved prognosis. 

 

 

 

 Figure 33 Resolution and penetration depth of AFM (Atomic Force Microscopy), Ultrasound 

Elastography and FNE methods. FNE is covering a major area of resolution and penetration 

depth that is not possible to investigate with AFM or Ultrasound Elastography. 
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Table 3 provides a comparison of the existing state of the art methods of measuring soft-

tissue mechanical properties including FNE and its capabilities with other matured 

techniques. Preliminary experimental results of FNE shows promising results that it can be 

used to characterize in vivo biological tissue in 10 – 20 μm range resolution up to 10 – 20 cm 

of the measurement range (depth). Moreover, FNE method appears to be much less 

expensive than the other modalities due to its simple, low-cost design and operating 

principles. Like other mechanical imaging modalities, FNE approach can be easily adapted 

for other palpable cancer lesions such as breast and liver, independent of US methods.  

 

 

Table 3 Side by side comparison of main methods of measuring soft-tissue mechanical 

properties including the described FNE device and its capabilities with other matured 

techniques. 

Device AFM Ultrasound/ 

US Elastography 

MRE (Magnetic 

Resonance 

Elastography) 

FNE Device 

Method 

 

Stiffness based 

on indentation 

of surface 

probe  

Contrast in 

reflections of 

ultrasonic waves 

based on local 

variations of tissue 

acoustic impedance  

Measures tissue 

mechanical 

properties by 

imaging in vivo 

shear wave 

propagation using 

MRI 

Force measurement 

during needle 

insertion using a 

piezoelectric 

transducer, axially 

coupled with a biopsy 

needle 

Measurement 

Range(depth) 

1-10 nm 1 mm - 10 cm mm - 1 m 10 μm – 10 cm 

Resolution 1 nm-100 μm 100 – 300 μm mm 10 – 20 μm 
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In vivo/in 

vitro 

In vitro In vivo In vivo In vivo 

Cost Highly 

expensive 

Expensive Expensive Less expensive 

Advantages 

 

 

Cellular to 

tissue level 

information 

Semi-Qualitative Quantitative Quantification of 

heterogeneity using 

roughness parameter 

values 

Limitations 

 

Surface 

measurement, 

only in vitro 

Limited depth 

capability 

Shear wave 

propagation not 

always homogenous 

No lateral force 

measurement 

References (Cross, Jin et 

al. 2007; 

Sharma, 

Santiskulvong 

et al. 2011; 

Lekka, Gil et 

al. 2012; 

Plodinec, 

Loparic et al. 

2012) 

(Ophir, Cespedes 

et al. 1991; Asteria, 

Giovanardi et al. 

2008) 

(Muthupillai, 

Lomas et al. 1995; 

Kruse, Smith et al. 

2000; Bahn, 

Brennan et al. 

2009) 

(Wickramaratne et 

al. 2014) 
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5.2 Challenges 

 

Some challenges that Fine Needle Elastography technique may face are discussed here. 

Bending of the FNE Needle while insertion into a nodule may lead to changes in axial force 

and thus change the FNE measurements and analysis. Especially in biological tissue, due to 

nonlinear inhomogeneous nature of local biomechanical properties, FNE needle may be 

prone to bending frequently. A possible solution to this will be discussed in the Future Work 

section 5.3. 

 

Another challenge is the patient to patient difference of soft-tissue properties for the same 

kind of tissue. For example, biomechanical properties of papillary carcinoma and 

calcifications found in thyroid nodules may change from patient to patient. These need to be 

carefully investigated using standardized FNE measurement system in order to be able to 

compare the stiffness data. 

 

Operation of FNE Device without ultrasound guidance may be necessary in some cases 

where ultrasound system may not be available in underdeveloped regions. Even though 

sometimes FNAC procedures are performed without ultrasound guidance according to the 

literature, the success of the procedure exclusively depends on the physician/clinician skill 

level and expertise. Therefore, FNE procedure without ultrasound guidance may not be 

recommended to perform without proper experience in performing FNAC without ultrasound. 

 

Sterilization of the FNE Device is a highly important consideration to avoid complications 

such as metastasis and etc. Therefore, FNE measurements should be performed in a 

sterilized environment, and the device should be sterilized before and after each procedure. 

Since the needle is coupled to the FNE Device using standard luer connection, it can be 

removed after the FNE measurements with one patient. The cap of the FNE Device may be 

dipped in a sterilizing solution and dried before introducing a new needle after the first 
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procedure. This could be easily done by designing a fitting cup design for the cap, which 

may be filled with a sterilizing solution for ease of repeatable sterilizations during 

measurements. Additionally the use of plastic sticky wrap that is commonly used in hospitals 

for sanitization and sterilization of reusable probes to cover the FNE Device for each 

procedure may provide additional protection. 

 

 

5.3 Future work 

 

To further evaluate the diagnostic significance of measuring biomechanical property 

heterogeneity at the cellular and tissue level in a clinical environment, we aim in future to 

test our in vitro phantom simulation observations in vitro for excised thyroid tissue patient 

samples. We plan to generate a database for stiffness and force heterogeneity profiles from 

surgically removed fresh benign and malignant thyroid tumor patient samples and correlate 

tumor FNE data with tumor stage and grade cytopathology. These FNE measurements will 

be done under standardized controlled experimental conditions to ensure compatibility of 

data to be compared with one another. Excised fresh thyroid gland/lobe will be transferred to 

the Translational Pathology Core Laboratory (TPCL) where it will be color coded and 

sectioned into slices depending on the size and mass of the initial organ. Some sections will 

be used for FNE measurements in a timely manner, within the same premises. Some other 

sections from the same organ may be submitted for histopathological analysis, which will 

reveal the carcinoma type and other details. These details can be correlated with the FNE 

measurements by using a pre-recorded patient code identification number. Some pictures of 

the preliminary planning of this work are shown in the Appendix A, Figure A16. Also we 

have explored the possibility of using a mouse model for FNE measurements. Some initial 

pictures are shown in Appendix A; Figure A17 and Figure A18. 
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We are currently developing a hand-held device for combined FNAC and FNE, which could 

also potentially be modified for other in vivo percutaneous diagnosis and treatment 

methodologies such as breast and liver cancers. This portable FNE device will have an 

integrated miniaturized charge or current amplifier and a data acquisition system. Design of 

the miniaturized charge amplifier was discussed in the Chapter 3 experimental methodology 

(section 3.2).  

 

Another addition to the new device would be a displacement measurement system to 

dynamically track and record the position and orientation of the needle with micrometer 

scale resolution. There are many techniques that we are considering for dynamic position 

and orientation sensing. Some of them are use of magnetic sensing, reference probe 

technique, Ultrasound/IR/Laser techniques, and accelerometer and gyroscope method. Use 

of higher order harmonics of resonance frequency change in needle insertion may also have 

a potential in distance measurements. Change in electrical impedance/resistance during 

needle insertion may be correlated to the travel distance of the needle within the tissue, 

however may be nonlinear due to inhomogeneity and affect of bodily fluids in biological 

tissue. Possibility of this method needs further investigation with in vivo experiments. 

Another approach for dynamic position and orientation tracking is the use of a 3D Digitizer 

arm with one end fixed to the hospital bed. An example for this is Faro Arm which can 

dynamically provide position and orientation in micrometer scale accuracy (shown in 

Appendix A, Figure A19). 

 

We are also exploring the techniques and methods, which will enable us in simultaneous 

measurement of lateral components of the forces, in addition to the axial force. Currently, we 

are investigating the possibility of using a four sector piezoelectric ceramic crystal (refer to 

Figure A20 in Appendix A) to measure lateral (x and y) force components on the FNE 

needle. Characterization of lateral forces in the same way (force heterogeneity - HF and 
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stiffness heterogeneity - HS) may potentially give additional parameters in differentiation of 

various kinds of thyroid tumors. This approach could potentially be extended to make 3 

dimensional mechanical property maps of the nodules by taking several FNE measurements 

in different directions as shown in Appendix A, Figure A21. 

 

As explained in the section of characterization of needle insertion forces, frictional force is 

one of the major components especially after the initial puncture event. Measurement of the 

frictional forces alone can be done in few ways. One way is to assume that the frictional 

force is the only force acting on the needle shaft during the process of removal from the 

tissue. Since there is no cutting action during the removal, this assumption appears to be 

valid. Therefore measuring the removal force can be an indicator of frictional force, and if 

both the insertion and removal done under the same velocity and controlled conditions we 

can correlate the frictional forces to each other. Another approach is to measure the 

frictional force by having the needle tip travel outside the tissue boundary on the opposite 

side (to puncture) where only the cannula is traveling inside the tissue, which will avoid any 

cutting action at the tip. Since the cutting force can be estimated by subtracting consecutive 

insertions, this will conclude that total axial force consists of friction and cutting forces. By 

comparing the total axial force measured directly by FNE Device, to the summation of 

cutting force and friction force we can further evaluate the validity of the force model. Also, 

this will help to determine if there are any residual components of forces due to elastic 

restoring effect of the tissue on needle. 

 

Measurement of electrical properties of soft tissue such as electrical impedance and 

resistance has gained significant attention over past few decades (refer to Appendix A 

Figure A22). We have explored the possibility of simultaneous electrical measurements with 

the developed FNE Device using Synchronized Detection method. This may give additional 

electrical property heterogeneity data to enhance the accuracy of FNE Device in evaluating 
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thyroid nodules. Some preliminary electrical measurements and the experimental setup 

used for synchronized detection are shown in the Appendix A, Figures A23 – A25. 

 

5.4 Conclusion 

 

In this project, we have introduced the novel concept of Fine Needle Elastography (FNE) 

and developed a preliminary prototype of FNE Device. This FNE Device was used to take 

FNE measurements in pear embedded in gelatin matrix specimen and ultrasound phantom 

neck with fluid and solid nodules. Results showed promising ability of the FNE Device in 

characterizing force heterogeneity and stiffness heterogeneity with high resolution and 

significant measurement range which is not accessible by other available mature 

technologies. Further enhancement of the FNE Device with integrated charge preamplifier, 

data acquisition system and simultaneous electrical property measurements will improve the 

diagnostic accuracy of the device. Moreover, FNE measurements with excised thyroid tissue 

(benign/malignant) and in vivo biological tissue experiments need to be carried out to 

evaluate and improve the FNE device and ultimately leading to a clinical hand-held FNE 

Device for differentiation of malignant and benign thyroid tumors. FNE readings in 

combination with FNAC and ultrasound observations may help to improve the overall 

diagnostic accuracy of thyroid cancer prognosis. 
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APPENDIX A 

  

Figure A1. 3D designs of FNE Device handle; designed with Solid Works 2014. (designs are shown 

only for the illustrative purposes, no dimensions or scaling provided, may be available upon request ) 
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Figure A2 . Complementary 3D designs of FNE Device cap; designed with Solid Works 

2014. This consists of the piezoelectric transducer tube and connects the FNE Needle via 

standard luer connection on the top. (designs are shown only for the illustrative purposes, no dimensions or scaling 

provided, may be available upon request ) 
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(designs are shown only for the illustrative purposes, no dimensions or scaling provided) 

Figure A3 . sample mechanical drawing of Needle top design 
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Figure A4 . several 3D designs  of FNE Device head bottom part; designed with Solid 

Works 2014. This consists of the piezoelectric transducer tube and connects to the device 

handle from the bottom. (designs are shown only for the illustrative purposes, no dimensions or scaling provided, may be available 

upon request ) 
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Figure A5  Initial design of double layer PCB layout (top and bottom sides shown) of 

miniaturized charge pre amplifier designed by Fritz program for TL071 op amp. 
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Figure A6 The custom written Labview program used to control the encoded motor stage for 

driving FNE Device and also simultaneous real time data acquisition using the NI DAQ card. 
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Figure A7 The custom written Labview program used to control the encoded motor stage for 

driving FNE Device and also simultaneous real time data acquisition using the NI DAQ card. 
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Figure A8 A realtime picture of the Labview program GUI showing Force and Current vs position 

and time plots during a FNE measurement 
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Figure A9 Early stage of the FNE experimental setup before inclusion of the encoded motor 

stage, we used a potentiometer as the distance measurement and manual insertions using a 

3D optical stage. 
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Figure A10 Experimental setup for FNE measurements with ultrasound neck phantom 

specimen. Showing the operator adjusting and orienting the FNE Device to desired level. 

Ultrasound system is shown in the middle of the picture and the PC used to monitor and 

control the FNE measurements is shown to the right. 
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Figure A11 An early stage force profile acquired using the FNE setup for meat with different 

layers of fat ,tissue and bone. The initial puncture event and the collision of the needle tip 

with the bone is clearly visible. The bone is displaced by the needle for about 5mm starting 

from 15mm. The removal force is almost zero suggesting that lubrication effect might have 

reduced the frictional forces acting on the needle shaft. 
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Figure A12 An early stage force profile acquired using the FNE setup for meat with different 

layers of fat ,tissue and bone. The initial puncture event and the collision of the needle tip 

with the bone is clearly visible. The bone is displaced by the needle for about 5mm starting 

from 15mm. Heterogeneity of different tissue layers can be seen on the insertion force 

profile. 
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Figure A13 Change in insertion velocity of a robotic insertion compared to a handheld 

insertion which was done with the intension of keeping a constant velocity. Figure 

reproduced from the work of Gerwen and Dankelman et al.(van Gerwen, Dankelman et al. 

2012)  
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Table A14  Correlation of various factors on needle insertion forces. Figure reproduced from 

the work of Gerwen and Dankelman et al.(van Gerwen, Dankelman et al. 2012) 
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Figure A15 FNE specimen made with glass bead( range of known sizes) embedded in 

gelatin matrix for further calibration and measurement of lowest resolvable feature size with 

the FNE Device. 
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Figure A16 A freshly excised multi-nodular thyroid gland being color coded and sectioned at 

TPCL, some of the slices will be used for FNE measurements. Sections will be coded with 

unique patient identification and some sections will be subjected to histopathological 

analysis which will be correlated to the FNE measurements. 
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Figure A17 FNE measurements of live mouse model in vivo experiment early trials. FNE 

needle is inserted into the thigh area. 

 

 

Figure A18 Team involved in mouse model experiments from left Dr. Shivani Sharma, 

Dayan Wickramaratne, Alia Ghoneum and Dr. Mamdooh Ghoneum. Picture taken at Drew 

University premises. 
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Figure A19 an example 3D Digitizer arm which can be potentially used for dynamic position 

and orientation tracking of the FNE Device. Faro arm shown here is capable of dynamically 

measuring the position with micrometer level accuracy. 
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Figure A20  Four sector quadrant piezoelectric transducer for simultaneous lateral force 

measurement with the FNE Device new design. Copper wires are attached as electrodes 

using small amounts of silver conductive epoxy. 
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Figure A21  representative picture showing the potential use of FNE Device to create 3D 

biomechanical property maps of a nodule by inserting the needle multiple for FNE 

measurements. 

 

 



 

Figure A22 electrical conductivity measured for different kinds of soft tissue. 

and stroma shows clear differentiation of electrical properties, which could be potentially 

used in combination with FNE measruments for improved diagnostic accuracy. Figure 

reproduced from the work of (Mishra, Bouayad et al. 2012)
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electrical conductivity measured for different kinds of soft tissue. 

and stroma shows clear differentiation of electrical properties, which could be potentially 

used in combination with FNE measruments for improved diagnostic accuracy. Figure 

(Mishra, Bouayad et al. 2012) 

 

electrical conductivity measured for different kinds of soft tissue. Benign, cancer 

and stroma shows clear differentiation of electrical properties, which could be potentially 

used in combination with FNE measruments for improved diagnostic accuracy. Figure 



 

 

Figure A23 synchronized detection setup for measurement of electrical properties of soft 

tissue simultaneously with FNE measurements. 
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synchronized detection setup for measurement of electrical properties of soft 

tissue simultaneously with FNE measurements.  

 

 

synchronized detection setup for measurement of electrical properties of soft 
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Figure A24 preliminary results of electrical property measurement experiments. Change of 

current vs distance curve shown for raw meat specimen under ambient conditions for needle 

insertion at a 12mm/s constant velocity. First derivative of current is shown in the second 

plot. Change in current and derivative of current can be clearly seen for different layers of 

tissue within the meat. 
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Figure A25 another set of preliminary results of electrical property measurement 

experiments. Change of current vs distance curve shown for raw meat specimen under 

ambient conditions for needle insertion at a 12mm/s constant velocity. First derivative of 

current is shown in the second plot. Change in current and derivative of current can be 

clearly seen for different layers of tissue within the meat. 
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