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Abstract

Endobronchial ultrasound-guided transbronchial needle aspiration (EBUS-TBNA) is a
minimally invasive biopsy technique used for lymph node sampling in lung cancer staging and
for diagnosing granulomatous disease. The procedure’s performance is governed by the
mechanics of needle—tissue interaction, specifically needle placement accuracy, insertion
mechanics, and tissue acquisition efficiency. Despite its clinical utility, reported diagnostic
yields remain limited to approximately 60-80%, primarily due to inadequate tissue capture
with current needle geometries. Clinical audits, including those conducted by NHS Greater
Glasgow & Clyde, confirm suboptimal diagnostic performance that is consistent across
multiple institutions. These limitations contribute to repeat procedures, delayed diagnosis, and

increased system-level resource utilisation.

This thesis develops a combined experimental-computational framework to characterise and
optimise needle insertion and tissue acquisition in lymphatic tissue. A constitutive
characterisation methodology was first established to describe the nonlinear, anisotropic, quasi-
incompressible, fibre-reinforced hyperelastic behaviour of lymph node tissue. Needle insertion
mechanics were then quantified both experimentally and numerically across a range of
controlled insertion velocities (13 mm/s, 9 mm/s, 3 mm/s, and 0.5 mm/s), and the force
response was decomposed into insertion, cutting, and frictional components. Finally,
parametric finite element simulations using the Coupled Eulerian—Lagrangian (CEL)
formulation were employed to evaluate the influence of needle-tip geometry and cutting-plane

configuration on tissue deformation, stress distribution, and sample capture efficiency.

The validated soft tissue model accurately reproduces the mechanical response of lymphatic
tissue under large deformations and dynamic loading. Results indicate a strong rate-dependent
response, with increasing insertion velocity leading to higher peak insertion forces (5-8 N) and
cutting forces (3.62-6.14 N), while reducing frictional forces (0.5-0.4 N) and the effective

coefficient of friction (1.85—1.32), consistent with velocity-dependent interfacial behaviour.

Furthermore, geometric optimisation of the needle tip significantly alters stress localisation and
tissue failure mechanisms. Finite element analysis shows that a Franseen-type needle with three

symmetric cutting planes enhances tissue engagement, reduces insertion forces by up to 35%



compared with conventional EBUS-TBNA needle designs, and improves specimen length
while reducing tissue deformation, thereby indicating improved sampling efficiency and

mechanical performance
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Introduction

According to Cancer Research UK, lung cancer is the second most common type of cancer in
both men and women in the UK. It is estimated that approximately 49,200 new cases are
diagnosed in the UK each year [1]. Lung cancer is often diagnosed using a bronchoscope,
which travels through the bronchial tree to obtain high-resolution video and ultrasound images
of lymph nodes. Alongside ultrasound imaging, tissue sampling techniques, also known as

biopsies, play a crucial role in providing information about abnormal cells and tissue.

Early and accurate diagnosis is crucial for improving survival rates across most types of cancer.
In diagnosing and staging lung cancer, Endobronchial Ultrasound-guided Transbronchial
Needle Aspiration (EBUS-TBNA) is an essential tool for sampling lymph nodes for analysis.
EBUS-TBNA uses hollow needles ranging from 19 gauge to 22 gauge [2-3]. The most common
needle sizes used by the NHS are 21G and 22G, corresponding to outer diameters of 0.82 mm
and 0.72 mm, respectively. The current procedure often requires several attempts to obtain
samples for histological and cytological analysis of the lymph nodes [3]. This is because the
sample may be insufficient in mass and length, or the tissue organisation may not be sufficiently

defined. In either case, the result could delay or prevent a proper diagnosis.

Issues with the current EBUS-TBNA procedure include the inability to reliably obtain tissue
samples. An 8-month audit by NHS Greater Glasgow and Clyde (NHS GGC) reported an
EBUS-TBNA diagnostic yield of 61.22%. According to a meta-analysis of 15 studies on
EBUS-TBNA, the diagnostic yield ranged from 54% to 93% [4]. A study by the American
College of Chest Physicians showed that the diagnostic yield varied between 37% and 54%
[5]. These studies highlight the need for an improved EBUS-TBNA system with a higher
diagnostic yield, which can lead to quicker diagnosis and fewer repeat procedures [6]. This
would benefit patients by enabling better treatment and avoiding additional procedures, and
would also benefit healthcare providers by allowing more patients to be treated in less time and

reducing the costs associated with repeated procedures.

The aim of this study is to examine EBUS-TBNA and identify factors that improve tissue
sampling success rates and preserve histological integrity. Data from existing studies indicate
that a larger volume can broaden the scope of pathological assessment and increase the overall
diagnostic yield of the procedure. According to personal communication with Dr Steve

Bicknell, a Respiratory Consultant and Interventional Bronchoscopist in 2022, larger tissue
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samples enable more precise genetic profiling of cancer cells and help recognise the structural

features observed in granulomatous diseases.
1.1 Lung Cancer

The lung, outlined in Figure 1.1, is a two-part, spongy, cone-shaped organ in the chest that
forms part of the respiratory system, which also includes the diaphragm, windpipe, and chest
wall muscles. The two lungs are separated by the mediastinum, a central structure that contains
the oesophagus, lymph nodes, heart, and trachea. The right lung has three lobes and is slightly
larger than the left lung, which has two lobes [7]. The primary function of the lung is to
facilitate respiration by transferring oxygen from the air into the bloodstream. It also helps
remove carbon dioxide from the body. When air enters the body through the nose or mouth, it
passes through the trachea, which divides into tubes. These are known as bronchi, then
bronchioles, ending in alveoli, which are tiny air sacs. The lungs filter harmful particles, such
as bacteria, mould, and dust, that can enter through inhalation. However, inhaling toxins can

lead to lung cancer [8].

Lymph node —— &5 —Trachea

Bronchi
Right lung: /’

Upper lobe Left lung:

] Upper lobe

Middle lobe

Lower lobe
Lower lobe

Diaphragm

Figure 1.1: Anatomy of the respiratory system [9]. Copyright 2006 by Terese Winslow.

Since 1987, lung cancer, also known as lung carcinoma, has been recognised as the second

most common type of cancer worldwide. It typically begins in the lungs, affecting the
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bronchioles and alveoli. Uncontrolled division of lung cells can damage the DNA of certain
airway cells, leading to lung cancer [10]. The changes affecting these genes are known as DNA
modifications, which can convert genes involved in normal cell growth (proto-oncogenes) into
cancer-causing (oncogenes) [11], as shown in Figure 1.2. When a cancerous tumour grows, its
cells can be transported by the body’s lymphatic system or bloodstream to other tissues. This
process, known as metastasis and illustrated in Figure 1.3, can result in the formation of new
tumours. One of the initial sites where cancer commonly spreads is the lymph nodes. The
cancer can also disseminate to distant organs via the bloodstream, reaching tissues such as
the liver, lungs, brain, and bones [13]. Although the cancer may grow and metastasise to distant

organs, it is still classified by the primary site of origin [14].

Figure 1.2: Normal cells to cancer cells. (a) normal cells, (b) cancer cells, which result from

DNA changes leading to uncontrolled growth. [9]. Copyright 2014 by Terese Winslow.
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Figure 1.3: Metastasis process, which refers to cancer cells moving from one part of the body

to another to form new tumours [9]. Copyright 2016 by Terese Winslow.

In the UK, lung cancer is the second most common cause of cancer-related death for both men
and women, after prostate and breast cancer, respectively. It is estimated that about 49,200 new
cases are diagnosed each year in the UK [1]. There are various types of lung cancer; the two
main types are non-small cell lung cancer (NSCLC) and small cell lung cancer (SCLC)
Figure 1.4. NSCLC accounts for more than 80% of lung cancer cases, and can be further
categorised as adenocarcinoma, representing 40%; squamous cell carcinoma, ranging from
25% to 50%; and large cell carcinoma, comprising 10% to 15%. Adenocarcinoma usually arises
in the outer part of the lung and is more likely to be detected before the disease spreads. The
initial stage of squamous cell carcinoma is characterised by the development of flat, skin-like
structures lining the airways. It is often associated with a person’s smoking history and is
typically found in the central part of the lung near the main airway. Any part of the lung can be
affected by large cell carcinoma, which is characterised by its tendency to grow and spread
uncontrollably, making it very difficult to treat. A subtype of this disease, known as large-cell

neuroendocrine carcinoma, is a fast-growing tumour similar to SCLC [10].

The second type of lung cancer, SCLC, accounts for about 10% to 15% of cases. The disease
tends to grow and spread more rapidly than NSCLC, and in most cases, it has already affected

other parts of the body by the time of diagnosis [11].
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Figure 1.4: Lung cancer’s distribution across different histological categories [11]. Copyright

2019 by Europe PMC.

Tobacco smoking is considered the most common and significant risk factor for lung cancer.
Although only about 15% of the UK's population smokes, around 80% to 90% of new lung
cancer cases in the country are linked to tobacco use [12-13]. The high prevalence of smoking
is a major risk factor, but other exposures can also cause the disease. Unlike other radioactive
substances, radon is odourless and tasteless, making it undetectable by soil examination. It is,
however, produced by the radioactive decay of uranium and thorium in the ground [14-15]. It
is estimated that radon exposure causes over 21,000 lung cancer-related deaths in the UK each
year, and roughly 3% to 14% of lung cancer cases worldwide are attributed to this toxic
substance [15]. Exposure to certain chemicals, such as coal tar and soot, can increase the risk
of developing lung cancer; these include materials like chromium, nickel, and asbestos [16].
Heavy exposure to asbestos can raise the risk of lung cancer by about 70% [17]. Additionally,
a history of respiratory illnesses like tuberculosis, pneumonia, and chronic bronchitis is known
to increase the likelihood of lung cancer, as these conditions can cause inflammation in lung
tissue. Individuals with a history of asthma have a 16% higher chance of developing lung

cancer [18-19].

Despite significant progress in survival rates for other cancer types, lung cancer patients in the
UK have seen only marginal improvements over the years. The primary reason is that they are
often diagnosed at a late stage. The average five-year survival rates for NSCLC and SCLC are

approximately 65% and 30%, respectively. Figure 1.5 [20-21]. Although early lung cancer
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often produces no symptoms, some individuals may experience shortness of breath, chest pain,

or coughing. These symptoms can vary from person to person.

B0 @ Male @ Female

Percent

local  Regional Distant All Stages| Local  Regional Distant  All Stages
MSCLC S5CLC

Figure 1.5: 5-year survival rate for individuals with lung cancer by stage at diagnosis, gender,

and subtype [20].
1.2 Diagnosis Method of Lung Cancer: Preliminary Staging

Most cases of lung cancer are diagnosed when symptoms are linked to a specific paraneoplastic
or metastatic condition. The evaluation of lung cancer involves collecting relevant samples for
histological diagnosis. This process includes a physical examination and imaging techniques
such as X-rays, computed tomography (CT), and positron emission tomography (PET) to

obtain scans of the chest and abdomen, along with a biopsy.

X-rays, or chest radiography (Figure 1.6), use ionising radiation to visualise an individual's
internal organs. They can diagnose chest wall conditions and visualise structures within the
thoracic cavity, such as the heart, lungs, and great vessels. Most X-rays are not absorbed by the
soft tissues of the human body, such as skin, muscles, and blood, which appear as dark grey
areas. However, denser structures, such as tumours or bone, can block most X-rays from
passing through [21]. In a suspected case of lung cancer, an X-ray imaging procedure might
reveal a mass, visible as an enlarged mediastinum or enlarged lymph nodes, on a shadowy

image [22-23].
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mass

Figure 1.6: Chest radiography demonstrating a mass [7].

Unlike X-rays, which produce a flat 2D image, CT scans, as shown in Figure 1.7, reveal
structures within the body by acquiring multiple X-ray measurements from different angles and
reconstructing 3D cross-sectional images of the examined area [25]. CT scans are more
effective than standard X-rays at detecting lung cancer. They can also determine the size, shape,
and location of tumours. Additionally, they can assist in identifying lymph nodes affected by
the cancer [26]. Moreover, they can be utilised to check for masses in other organs, including

the liver, brain, and adrenal gland, which may indicate the spread of lung cancer [27].
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B Early Lung Cancezgll

Figure 1.7: Lung CT scan showing a mass indicative of cancer [21]. Copyright 2022 by the

authors.

Positron Emission Tomography (PET) is a quantitative imaging technique that visualises
molecular processes in living organisms. It utilises the physical principles of gamma-ray
correlation and positron emission to generate three-dimensional images of radiotracer
distribution [22]. This enables the study of tissue function and metabolism, including
absorption, blood flow, chemical composition, and glucose metabolism [23]. The first step in
PET imaging is the intravenous injection of a radioactive substance, usually a biologically
active molecule labelled with a positron-emitting radionuclide such as fluorine—18 (*18F) [24].
One of the most commonly used tracers in oncology is 18F-fluorodeoxyglucose (FDG), a
glucose analogue that can enter cells via glucose transporters [25]. Unlike native glucose,
which undergoes glycolysis, FDG-6-phosphate does not. It becomes trapped in cells with high
glucose uptake rates. This mechanism provides a surrogate measure of cellular glucose
utilisation, which is often increased in malignant tissue cells due to altered metabolic pathways.
PET is a versatile imaging tool used for various applications, such as visualising cancer cells
and detecting structural abnormalities. Its functional sensitivity enables it to detect changes in
physiological and biochemical conditions that precede the appearance of abnormalities on MRI
or CT scans. For example, increased FDG uptake can predict cancer development and the

aggressiveness of cancer cells [26].
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High tracer in paratracheal node
suggesting nodal metastasis

Figure 1.8: Primary tumour with high radiotracer [22] Copyright 2016 by the authors.
1.3 Aims and Objectives

Lymph nodes are small, kidney-shaped organs enclosed in a capsule of adipose tissue. They
are essential for the diagnosis and staging of lung cancer. To date, little is known about how
lymph nodes respond to in vivo needle insertion. To increase sample yield from EBUS-TBNA,
understanding the mechanical behaviour of lymph nodes and the mechanics of needle insertion

is crucial. The aims of this thesis are therefore as follows:

e To establish a comprehensive mechanical characterisation technique for measuring the
nonlinear elastic properties of lung lymph nodes, and to determine their correlation with
alternative soft materials: chicken breast, large pickled capers, and PVA hydrogel.

e To develop and test theoretical models of lymph nodes that are suitable for identifying
the different phases, forces, and tissue deformation during needle insertion.

¢ To gain insights into needle-tissue interaction by modelling to predict needle deflection,
tissue deformation, and the current needle-tissue sampling length.

e To investigate the effect of various needle tip geometries on tissue deformation and

sampling length.
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Addressing these aims and objectives can help close two significant research gaps in EBUS-

TBNA needle biopsies.

(1) There is limited understanding of the physical and mechanical properties of lymph

nodes.

(2) There is currently limited research on tissue samples that can be collected using

common needle geometries. Additionally, the relationship between needle geometry
and the tissue samples obtained, a crucial factor in cancer diagnostic accuracy, remains

unknown.

1.4 Contributions to Knowledge

Mechanical Characterisation of Lymph Nodes: To date, little is known about lymph
node behaviour. Using generic soft materials and tissue-mimicking phantoms, this work
has developed a methodology to characterise the non-linear elastic behaviour of lymph
nodes. The loading mechanism is based on displacement-controlled relaxation testing.
Using the volume-displacement method and curve fitting in Abaqus, the density and
shear modulus of lymph nodes were determined to be 1.042 g/cm?® and 4.875 x 1073
MPa, respectively.

Understanding needle insertion mechanics into soft materials: This work adopts an
experimental approach using different ex vivo soft tissues to gain a deeper
understanding of how current needle designs, 21G and 22G in diameter, affect tissue
deformation phases and needle forces. It is found that increasing the insertion speed
decreases peak and cutting forces and increases both inner and outer friction forces, as
well as the coefficient of friction. Furthermore, the forces generated by the 21G and
22G needles do not differ significantly.

Needle-tissue interaction modelling methodology for predicting needle design insertion
performance: This work develops a numerical method to model the needle-tissue
interaction during insertion. A Coupled-Eulerian-Lagrangian (CEL) framework for
studying tissue deformation and stress at the needle-tissue interface provides insights
into needle-tissue interactions. The study shows that tissue separation at the tip affects
both sample length and tissue deformation. Furthermore, the CEL model can predict

the relationship between tip type and needle force, aligning with experimental results.
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e Needle tip geometries and tissue sample length: In addition to the accuracy of needle
deployment, the shape of the needle tip can also influence the insertion force and the
length of tissue sampled. The inclination angle and the number of cutting planes
determine the needle tip geometry. Based on an understanding of needle-tissue
interaction, this work explores two additional needle-tip geometries, namely the double
front bevel and the Franseen needle, with varying numbers of cutting planes, and
compares them with the current needle tip design for precise tissue sampling length. It
demonstrates that the Franseen needle, with three cutting planes, can minimise tissue
damage and achieve higher tissue sampling efficiency at a medium insertion speed than

the existing EBUS-TBNA needle design.

1.5 Thesis Structure

The thesis structure comprises seven further chapters: 2) Literature Review, 3) Experimental
Background, 4) Mechanical Characterisation of various soft materials, 5) Analytical
Methodology, 6) Needle Insertion into various soft materials, 7) Finite Element Modelling of

needle insertion into various soft materials, and 8) Conclusions and Future Work.

Chapter 2 provides the background knowledge underpinning this work. The technique for
diagnosing lung cancer is briefly outlined. An overview of the EBUS-TBNA system, together
with the anatomy and behaviour of lymph nodes, is then presented. Finally, factors affecting

diagnostic tissue yield are summarised and explained.

Chapter 3 discusses the key concepts underpinning the experimental work in this thesis. An
overview of the experimental procedures, mechanical properties, and constitutive models used
to characterise the nonlinear elastic properties is provided. This chapter also explains the

mechanism of needle insertion into soft material.

Chapter 4 presents an experimental and analytical study of the nonlinear mechanical properties
of relevant soft materials: chicken breast, large pickled capers, PVA hydrogel, and porcine lung
lymph nodes. The experimental work comprises compression and nanoindentation tests
conducted at a constant rate of 0.01 mm/s at strains of 5%, 10%, 15%, and 20%. Emphasis is

placed on sample preparation, probe selection, calibration, measurements, and sources of
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variability. The analytical work uses hyperelastic strain-energy models in Abaqus FEA software

to characterise soft materials by curve fitting.

Chapter 5 examines various finite element analysis (FEA) software and the finite element
method (FEM) for studying needle-tissue interaction. The benefits and limitations of these
FEM techniques are discussed. Finally, the implementation of the Coupled-Eulerian-

Lagrangian method is detailed.

Chapter 6 describes the stages of needle insertion into ex vivo chicken breast, large pickled
capers, PVA hydrogel, and porcine lung lymph nodes. Using common needle designs, 21G and
22G needles are tested at four speeds: 13 mm/s, 9 mm/s, 3 mm/s, and 0.5 mm/s. Needle forces
are recorded experimentally and compared to identify correlations between needle insertion

into lymph nodes and other soft materials.

Chapter 7 explores the dynamics of needle-tissue interaction using the coupled Eulerian-
Lagrangian method in FEA. It presents three needle-tip geometries: Olympus single-bevel,
double-front bevel, and Acquire Franseen, and examines their effects on tissue deformation,
stress, and contact. The modelling results are compared with those presented in Chapter 6,

thereby establishing the link between needle-tip geometries and tissue-sample length.

Chapter 8 summarises the conclusions and limitations of the work undertaken. It also

emphasises possible enhancements for future research.

1.6 Presentations Based on the Current Work
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Multidisciplinary Symposium, University of Strathclyde, UK, 14™ — 16" June 2023.

L.R. Mkoh, S. Bicknell, R. Sayer, S. Cochran, and E. Henderson. (2023)
“Mechanical Characterisation of Soft Materials for EBUS-TBNA”. In: 17" International
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2.1 Endobronchial Ultrasound-Guided Transbronchial Needle

Aspiration

When analysing CT and PET scan results, physicians must first determine whether the
procedure is for diagnosis or staging. They then decide which lymph nodes to sample. For
diagnosis, samples are collected from the site most suitable for predictive biomarker analysis.
Staging procedures involve examining every lymph node with a short-axis diameter greater
than 5 mm. Although the choice of procedure in each case is usually made by the physician,
EBUS-TBNA has been shown to be more accurate and to yield better diagnostic results than
mediastinoscopy. EBUS-TBNA enables visualisation of structures adjacent to the central
airway that are not visible during bronchoscopy. It is considered a well-tolerated, accurate, and
cost-effective method for sampling lymph nodes in the hilar and mediastinal regions for the

diagnosis and staging of lung cancer.

In 1949, Dr Eduardo Schieppati reported the first use of Transbronchial Needle Aspiration
(TBNA), with a rigid bronchoscope, to assess lung cancer [23]. However, limited visualisation
and the perception that the procedure was blind led to variability in application and diagnostic
yield [24]. The development of EBUS, initially designed to sample lymph nodes near the
airway walls, led to the first EBUS bronchoscope system in 1999 (Figure 2.1), enabling access
to lesions in the lung parenchyma, hilum, and mediastinum. With this new technology, a
flexible bronchoscope equipped with an optical viewing system was developed for use in the
airways. A saline-filled balloon was placed at the tip to allow a 7.5 MHz convex ultrasound
probe to visualise parabronchial structures in real time [25]. This technology enabled the
operator to obtain high-quality images at depths of up to 9 cm. EBUS-TBNA devices are now
manufactured by Olympus, Fuji, and Pentax, all based in Tokyo, Japan.
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Figure 2.1: Illustration of the endobronchial ultrasound-guided transbronchial needle

aspiration (EBUS-TBNA) procedure [9]. Copyright 2014 by Terese Winslow.

2.1.1 Overview of the EBUS-TBNA Device System

The EBUS-TBNA system comprises a flexible bronchoscope, an ultrasound transducer, and a
needle system, which is inserted through the bronchoscope's working channel [26]. Olympus
currently holds over 70% of the global market and is the leading manufacturer of EBUS-TBNA
medical devices. Unlike other manufacturers, Olympus can also supply all the necessary

accessories.

2.1.1.1 Bronchoscope and Ultrasound Imaging

Table 2.1 compares the various bronchoscopy models from each manufacturer.
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Table 2.1: Comparison of available bronchoscopes from different manufacturers [27]

Method of | Frequency | Field | Outer Direction | Working | Scope Company
Optical Image of Diameter | of View Channel | Index
Transmission View Diameter
Fibreoptic 5-12 MHz 80° | 6.9 mm Forward 2.2 mm BF — | OLYMPUS
oblique UCI180F

350
Charge- 5-12MHz | 120° | 6.7 mm Forward 2.0 mm EB — | FUJI
coupled device oblique 530US

10°
Charge- 5-12MHz | 100° | 7.3 mm Forward | 2.2 mm EBI9 - PENTAX
coupled device oblique JIOU

450
Charge- 5-12MHz | 100° | 7.4 mm Forward | 2.0 mm EB — | PENTAX
coupled device oblique 1970UK

45°

Bronchoscopes are mainly designed for manoeuvrability and flexibility to navigate narrow,
curved sections of the bronchial tree [28]. The Olympus EBUS scope is generally stiffer and
larger than a standard bronchoscope, with an external diameter of 6.2 mm and a tip size of 6.9
mm. It features a 2.2 mm instrument channel that accommodates a 22-gauge or 21-gauge
TBNA needle. The primary difference between Olympus's bronchoscope and those made by
Fuji and Pentax lies in the optical imaging system. While Olympus utilises an optical fibre to

transmit light for imaging, the other companies use a charge-coupled device (CCD) chip [29].

The EBUS technique visualises endobronchial structures and tissues by detecting backscattered
waves generated at the tissue-air interface. This bronchoscope is equipped with a miniaturised
convex-array ultrasound transducer operating at 5-12 MHz. The frequency range used for the

EBUS technique balances the depth and spatial resolution required to image tissues and lymph
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nodes within the peri-bronchial cavity [30 - 31]. The transducer emits short ultrasound pulses
through the surrounding tissues and the airway wall. It then detects echo signals, which arise
as partial reflections at boundaries where the acoustic impedances of neighbouring tissues
differ. The time delay between transmission and reception of echo signals is used to determine
the depth of reflecting structures. The reconstructed image intensity is based on the mismatch

in acoustic impedance [32].

The collected echoes are recorded as raw radiofrequency (RF) signals, which form the basis of
ultrasound imaging. These signals undergo several processing stages, including pre-
amplification, bandpass filtering, compensation, and depth-dependent attenuation correction.
After processing, envelope detection is performed to extract amplitude information, followed

by logarithmic compression to reduce the signal's dynamic range [33- 34].

A convex-probe EBUS system provides high-quality imaging of a sector—shaped field of view
via electronic beam steering. Each frame comprises multiple consecutive scans. The frame rate
is determined by the repetition frequency and the imaging depth of the scans [32]. Rather than
providing a direct anatomical impression of tissue structure, the EBUS ultrasound image
displays a detailed reconstruction of tissue echogenicity derived from the collected RF data.
The image quality is affected by various factors, such as the transducer design and signal

processing settings [33].

Ultrasound image quality can be degraded by poor ultrasonic coupling between the transducer
and the tracheobronchial wall. This issue can be avoided by attaching a small saline-filled
balloon to the bronchoscope tip. Such a device helps maintain stability and reduce stimulation

of the receptors in the coughing area [34].

The most recent Olympus bronchoscope model, the BF-UC190F, is shown in Figure 2.2.
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® U

(a)

Figure 2.2: Latest Olympus bronchoscope model, BF-UCI190F. (a): Overview of the full

system; (b): enlarged distal end showing different features, (1) objective lens, (2) light guide

lens, (3) ultrasound transducer, (4) balloon channel outlet, (5) instrument channel outlet [26].

Copyright 2021 by Olympus America.

2.1.1.2 Needle System

Some of the main companies that produce EBUS-TBNA needles include Boston Scientific,

Olympus, and Cook Medical, Table 2.2. Each of these companies offers a range of designs and

sizes [35].
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Table 2.2: Needle systems comparison [35]

Model Product Name Needle | Gauge Size | Needle Maximum | Company
Name Design Material | Needle
Length
ViziShot NA-201SX-4021 | Lancet |21G/22G Stainless | 40 mm Olympus
steel
NA-201SX-4022
ViziShot 2 | NA-U403SX- Backcut | 19G / 21G / | Stainless | 40 mm Olympus
4019 22G steel
NA-U401SX-
4021
NA-U401SX-
4022
Echo Tip | ECHO-HD-22 Lancet | 22G/25G Stainless | 50 mm Cook
Ultra steel Medical
EBUS-O
ECHO-HD-25-
EBUS-O
Echo Tip | ECHO-HD-22- Lancet | 22G/25G Stainless | 50 mm Cook
Procore EBUS-O-C steel Medical
ECHO-HD-25-
Expert M00558220 Lancet | 22G/25G Cobalt 60 mm Boston
Pulmonary chromium Scientific
MO00558250
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Depending on the intended use and the analysis to be performed on the sampled tissue, the
needle size can range from 19G to 25G. The needle should be flexible enough to fit easily into
the bronchoscope's working channel. It should also be strong enough to penetrate the lung wall
without causing unnecessary damage. Additionally, it should be visible under ultrasound

imaging; this can be achieved by adding echogenic features to the surface [36].

The needle system comprises several components. These include a handle unit, Figure 2.3 (a),
label (1), an aspiration syringe, a flexible tube for bronchoscope insertion, an extendable and
retractable protective sheath, Figure 2.3(a), label (2), and a stylet located inside the needle,
Figure 2.3 [37]. The handle unit, Figure 2.3(b), features a locking mechanism, Figure 2.3 (b),
label (5), which enables it to be secured to the bronchoscope. Additionally, it has a sliding
control that allows the physician to adjust its length whenever necessary, Figure 2.3 (b), label
(4). The needle is encased in a plastic tube that extends from the biopsy site to the handle. The
needle’s retractable stylet, Figure 2.3(b), label (1) is included to prevent blood and airway cells
from entering the inner lumen, as these can compromise specimen quality. The handle unit can
be operated using a small knob that is located at the tip of the needle system, Figure 2.3 (a),
label (3). It can be retracted once the needle reaches the target, allowing the sample to be
collected. However, this method requires the repeated insertion and removal of the stylet [38].
The entire needle system is intended for single use only and should be discarded immediately
after the procedure. Nevertheless, it can still be used to repeat a procedure during the same

session on the same patient.
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Figure 2.3: Olympus ViziShot 2 needle system diagram [37]. (a) Full needle system. Labels:
(1) handle unit, (2) plastic protective sheath with the needle inside, (3) needle tip. (b) Handle
unit. Labels: (1) stylet handle, (2) moving ejection mechanism, (3) ejection length lock, (4)

ejection length setting area, (5) locking mechanism for connecting the bronchoscope.
2.1.1.3 Ultrasound System

The choice of ultrasound processor and instrumentation for EBUS depends on the EBUS-
TBNA bronchoscope selected [42]. The latest Olympus model, the EU-ME3, provides
enhanced display modes, including elastography and contrast-enhanced harmonic imaging
(CHI). Elastography assesses tissue compressibility and stiffness. Malignant cells tend to be
stiffer than normal tissue, which can help identify pulmonary or lymph node tumours. Both
radial and linear EBUS-TBNA can be performed with Olympus ultrasound systems. The Fuji
SU-1 offers similar features, including colour Doppler, elastography, and CHI. Fuji’s

technology includes an algorithm that calculates the optimal sound speed within the targeted
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area to improve image resolution; however, this feature is limited to linear probes and cannot
be used with radial probes [29]. A radial ultrasound probe has a circular array of transducers
that provides a 360-degree view of the surrounding tissue. It is useful for assessing lesions in
the lung periphery and airway walls. However, its resolution is lower than that of linear probes
and may not resolve deeper structures. A linear probe has a narrower field of view due to its
linear-array transducer. Compared with a radial probe, it offers better resolution, enabling

detection of smaller lymph nodes and lesions [43].

2.1.2 EBUS-TBNA Procedure Overview

For patients undergoing EBUS-TBNA, the choice between conscious sedation and general
anaesthesia depends on the expected duration of the procedure and local practice. During the
initial phase, a flexible bronchoscope is used to examine the airways and identify the segments.

After suctioning any secretions, 1% to 2% lidocaine is administered to minimise coughing [39].

The EBUS-TBNA procedure uses an ultrasound system to guide the bronchoscope to the target
area. The transducer on the bronchoscope connects to an ultrasound machine and monitor,
known as the ‘processor’ discussed earlier. The probe emits ultrasound waves into the body,
which are reflected by surrounding structures. The system detects these echoes and generates
an image, which is displayed on a monitor. Continuous image updates provide a clear depiction
of structures and movements [40]. Once the target location is identified, the bronchoscope can
be adjusted to reach it. A saline-filled balloon may be inflated at the distal end of the
bronchoscope to improve stability and transducer-bronchial wall coupling, and to minimise
stimulation of cough receptors. Colour Doppler imaging helps differentiate vascular from

tissue structures. High vascularity can increase bleeding, potentially contaminating the sample.

After confirming the sample’s location, the needle system is adjusted and advanced through
the bronchoscope’s working channel. Ultrasound imaging enables precise control of needle
placement, thereby preventing damage to adjacent structures and tissues. The internal stylet is
used to remove any tissue that may have entered the lumen during puncture of the lymph node
wall. The aspiration syringe is attached to the needle to create negative pressure, which can be
adjusted as needed. Typically, the needle is moved back and forth within the lesion of interest
about 10 to 15 times over 30 to 60 seconds. Without rapid on-site evaluation (ROSE) [41],

three aspiration attempts are recommended for each lymph node, with two aspirations yielding
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a single tissue core. The time required to obtain a tissue sample may vary depending on the
size and location of the lymph node or other tissue mass, as well as the ease of obtaining a

sufficient specimen.

EBUS-TBNA is used to sample lymph nodes in Stations 1, 2, 4, 10, and 11, but cannot be used
to examine lower paraesophageal stations 8 and 9, Figure 2.4 [42]. Its broad applicability makes
it an ideal tool for analysing lymph nodes, compared with more invasive procedures such as
mediastinoscopy. For staging purposes, it is recommended that the Station N3 lymph nodes be
sampled first, followed by the N2 and N1 hilar nodes. Doing so will minimise the likelihood
of false over-staging [43]. Lymph nodes that are 4 cm or less in length should also be sampled.
The samples obtained can be analysed with ROSE or stored in Cytolyt. If sent to a laboratory
for evaluation, the EBUS-TBNA results may be available within a few days. They can then be
used to rule out various lung diseases or diagnose lung cancer. The use of ROSE can reduce
the need for additional bronchoscopy and the number of punctures. It can also allow for the
confirmation of adequate tissue sampling and a preliminary diagnosis where malignant cells

are present [43].

39



Chapter 2: Literature Review

. 1 Low cervical, supraclavicular
and sternal notch nodes

. 2R Upper Paratracheal (right)
[l 2L Upper Paratracheal (left)

[l 4R Lower Paratracheal (right)
B 4L Lower Paratracheal (left)

. 5 Subaortic
.7 Subcarinal

[0 8 Paraesophageal (below carina)
W 9 Pulmonary ligament
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Figure 2.4: [llustration of lymph node stations; for the purpose of lung cancer staging, superior
mediastinal nodes in stations 1, 2, and 4 should be sampled [42]. Copyright 2012 by the

authors.

2.1.3 Sample Handling

Each needle pass should yield sufficient material to produce several slides, with enough
remaining to be preserved in a solution for cell block preparation. After the needle is withdrawn
from the scope, the stylet is reinserted into the TBNA needle to expel its contents onto a slide
for smear preparation. Following removal of the stylet, the TBNA needle is first rinsed with
0.5 ml of saline. Compressed air is then used to flush the needle completely, removing all saline.
The sample is then placed in a buffered preservative solution, Cytolyt, which helps preserve
cells during transport to the laboratory. The material collected in Cytolyt is used to prepare a
Thin Prep slide or a cell block, designed to minimise contamination of smears with peripheral

blood [44]. After obtaining the specimen, the stylet is wiped with saline or ethanol and replaced
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in the TBNA needle for the subsequent biopsy pass. If ROSE is feasible, various staining
techniques can be performed immediately to assess sample adequacy. However, the results of
the ROSE procedure do not constitute a definitive diagnosis. In the absence of ROSE, sufficient
biopsy material must be collected to ensure the sample is representative of a lymph node. In
the context of lung cancer staging, it has been recommended that three biopsy specimens be
taken per lymph node. Conversely, if tissue fragments have been obtained, only two insertions

should be required [45]
2.2 Lymph Node Anatomy and Behaviour

The primary target of an EBUS-TBNA biopsy is the lymph node, a key organ of the lymphatic
system that maintains interstitial fluid balance, transports immune cells, and initiates adaptive
immune responses. Lymph nodes act as highly organised immunological filters, removing
pathogens and foreign particles, and play a pivotal role in cancer diagnosis and staging, as they

are the first site of metastatic spread for many solid tumours.

Morphologically, pathological lymph nodes often exhibit a rounded geometry, heterogeneous
internal echotexture, loss of the fatty hilum, and well-defined boundaries. These structural
alterations reflect underlying changes in both cellular composition and tissue architecture,
which are expected to influence the organ's mechanical response to external loading. Figure
2.5 illustrates the overall anatomical organisation and internal cross-sectional structure of a

lymph node [45].

Anatomically, lymph nodes are encapsulated by a collagen-rich connective tissue capsule, from
which trabeculae extend into the parenchyma, providing structural support and
compartmentalisation. The internal structure is organised into cortical and medullary regions
populated by immune cells, including lymphocytes and macrophages. These regions are
supported by a specialised stromal network, including fibroblastic reticular cells (FRCs), which
forms a three-dimensional reticular scaffold that guides immune cell trafficking and lymph
flow. Surrounding tissues, such as adipose tissue, blood vessels, and lymphatic vessels,
contribute to nutrient exchange and boundary constraints, thereby influencing the node's

mechanical environment [45].
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Over the past decade, considerable effort has been devoted to understanding the biomechanics
of lymph nodes through both experimental investigations and computational modelling.
Experimental studies have shown that lymph nodes exhibit nonlinear, viscoelastic behaviour,
characterised by time-dependent deformation, strain stiffening and active mechanical
regulation. Rather than behaving as homogeneous elastic bodies, lymph nodes continuously
modify their mechanical properties during inflammation and immune activation through

coordinated remodelling of the stromal network and the extracellular matrix.

One of the most significant advances in understanding lymph node mechanics was reported by
Assen et al. [46], who combined intravital microscopy, atomic force microscopy, mechanical
testing, computational image analysis, and molecular biology to investigate lymph node
expansion during infection. Their results showed that lymphocyte accumulation generates
outward pressure that stretches the fibroblastic reticular cell (FRC) network. Initially, the
network relaxes through reduced cellular contractility; however, sustained loading stimulates
remodelling and proliferation of FRCs, while the collagen-rich lymph node capsule undergoes
fibrotic thickening to resist further expansion. The study proposed a multitier mechanical
model in which internal connective tissue cells regulate local tissue deformation, whereas the
capsule provides global mechanical resistance. The authors concluded that lymph node
mechanics are controlled by distinct fibroblast populations operating across multiple spatial
scales, providing one of the first comprehensive descriptions of lymph node biomechanics from

the cellular to the organ level.

Additionally, the mechanical properties of lymph nodes and their surrounding structures have
been investigated experimentally to improve understanding of lymphatic transport, tissue
modelling, and disease progression. Experimental studies of isolated lymph node capsules have
demonstrated nonlinear elastic behaviour and significant compliance, with evidence of active
stress generation arising from smooth muscle and stromal cell contractility. Biological soft
tissues, including lymphatic tissues, exhibit strain-stiffening behaviour due to their fibrous
extracellular matrix, particularly a collagen-rich network [47]. These studies emphasise the
capsule’s mechanical role in controlling lymph node expansion and preventing excessive
internal pressure. Changes in viscoelasticity and stiffness responses have also been observed
during disease and inflammation. These modifications reflect alterations in the extracellular

matrix and cellular composition [48].
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These experimental findings have substantially revised the understanding of lymph node
mechanics. Rather than treating lymph nodes as passive hyperelastic materials, current
evidence indicates that they exhibit nonlinear viscoelastic behaviour arising from three
interacting mechanisms: deformation of the collagen-rich capsule, active force generation
within the fibroblastic reticular cell network, and redistribution of interstitial fluid throughout
the porous tissue. This combination produces time-dependent stress relaxation and adaptive

stiffness that cannot be adequately captured by purely elastic constitutive models.

The growing understanding of lymph node biomechanics has spurred the development of
computational models that describe lymph transport, tissue deformation, and stromal
mechanics. Recent computational work implemented in COMSOL Multiphysics coupled
Navier-Stokes fluid dynamics, Darcy porous flow, and poro-elastic tissue mechanics to study
lymphatic flow behaviour and tissue stress distributions under physiological conditions,

including those associated with cancer and lymphoedema [48].

A comprehensive review by Jayathungage Don et al. [49] examined the development of
computational fluid dynamics models of the lymphatic system and highlighted the rapid growth
of lymph node-specific computational modelling over the last decade. The review identified
continuum, finite element and computational fluid dynamics approaches for simulating lymph
flow through anatomically reconstructed lymph nodes. Several of the reviewed studies
reconstructed three-dimensional lymph node geometries from confocal microscopy and
medical imaging, then solved coupled Navier-Stokes and Darcy flow equations to predict
lymph transport through the subcapsular sinus and conduit network. These models consistently
showed that the complex internal microarchitecture strongly influences pressure distribution
and flow pathways, with approximately 90% of lymph preferentially travelling through
peripheral regions of the node rather than penetrating uniformly into the parenchyma. The
review concluded that future computational models should integrate fluid transport, tissue
deformation and stromal remodelling within a unified multiphysics framework to improve

physiological realism.

More recently, mathematical descriptions of lymph node biomechanics have incorporated
porous media theory to capture interactions between solid tissue deformation and interstitial
fluid flow. In these formulations, the lymph node is treated as a biphasic material comprising a

deformable porous solid matrix saturated with lymphatic fluid. A representative example is the
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model proposed by Giantesio et al. [50], which described pulsatile lymph flow within a lymph
node by representing the organ as a porous core surrounded by a free-flowing subcapsular
channel. The model combined Darcy flow within the porous tissue with the Navier-Stokes
equations governing fluid motion in the surrounding sinus, and it was solved analytically and
numerically using finite element methods. Simulations showed that local pressure gradients
produce non-uniform tissue loading and strongly influence internal flow pathways, supporting
the concept that fluid mechanics and tissue deformation are intrinsically coupled during lymph

transport.

Collectively, these computational studies demonstrate a clear progression in lymph node
modelling. Early investigations focused primarily on fluid transport, whereas more recent
approaches incorporate anatomical reconstruction, finite element analysis, computational fluid
dynamics, and multiphysics coupling to simulate interactions among lymph flow, tissue
deformation, and stromal remodelling. Nevertheless, several important limitations remain.
Most computational models assume homogeneous material properties despite the
heterogeneous composition of lymph nodes, and relatively few incorporate experimentally
measured hyperelastic and viscoelastic material parameters or active cellular contractility.
Furthermore, although these models have significantly improved understanding of
physiological lymph transport, they have rarely been extended to simulate externally applied

mechanical loading, such as needle insertion during EBUS-TBNA procedures.

Consequently, despite substantial progress in understanding lymph node biomechanics, a
significant gap remains between existing physiological models and clinically relevant
mechanical simulations. Current computational studies have primarily focused on lymph flow,
immune-cell migration and tissue remodelling, rather than on mechanical interactions with
surgical instruments. Developing computational models that integrate experimentally validated
hyperelastic constitutive behaviour, realistic anatomical geometry and needle—tissue
interaction therefore represents an important next step towards improving the mechanical

understanding of EBUS-TBNA biopsy procedures.
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Figure 2.5: Overall structure of a lymph node [42] Copyright 2008, The Japanese Society for

Immunology.

In mechanical terms, lymph nodes are best characterised by non-linear behaviour, which can
be described using either a hyper-viscoelastic or a hyperelastic model [48]. The concept of
hyperelastic behaviour refers to the large deformations that occur in elastic materials under
stress and to their inability to return to their original shape once the stress is removed. Unlike
elastic materials, which deform proportionally to applied stress, hyperelastic materials exhibit
a nonlinear relationship between stress and strain [50]. This relationship can be expressed
through the strain energy function in mathematical frameworks such as the Ogden, Neo-
Hookean, and Mooney-Rivlin models [51]. These models can help predict the behaviour of
hyperelastic materials under different loading conditions. The viscoelastic behaviour of soft
tissue is characterised by the presence of both elastic and viscous properties, along with their

time-dependent strain rate [52].
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2.3 Other Considerations that Impact Tissue Yield

Although EBUS-TBNA offers many advantages, the quality of the tissue sample is a crucial
factor that affects diagnostic yield, which reflects the likelihood of obtaining the necessary
information for an accurate diagnosis. The current diagnostic yield of EBUS-TBNA ranges
from about 60% to 80%, and sample size is a key issue to address to enhance the procedure’s
effectiveness [53]. Generally, a larger sample size results in better diagnostic accuracy, whereas

an insufficient sample size reduces accuracy and can lead to delays in treatment decisions [54].
2.3.1 Needle Gauge

EBUS-TBNA is particularly useful for detecting both malignant and benign conditions.
Cytological assessment involves analysing individual cells from a fluid sample, whereas
histological assessment examines a tissue sample under a microscope to assess its structure and
composition. For cytological procedures, 21G (0.84 mm OD, 0.61 mm ID) or 22G (0.72 mm
OD, 0.55 mm ID) needles are usually employed, Figure 2.6, whereas the larger 19G (1.07 mm
OD, 0.68 mm ID) needle is primarily used for histological analyses.
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Figure 2.6: 21G and 22G Olympus Vizishot needle tips. The spots visible on the needles are
echogenic features on ultrasound. Copyright 2020 by Olympus America

Numerous studies have examined needle gauge size. These analyses have focused on sample

adequacy and diagnostic yield. The adequacy of a biopsy sample depends on the quantity and
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quality of tissue obtained during the procedure. A sample is deemed sufficient if it contains
enough high-quality tissue for analysis. Diagnostic yield is the proportion of procedures or tests
that result in a definitive diagnosis of a specific condition or illness in a patient. An increase in
tissue yield is associated with improved diagnostic yield and sample adequacy, as higher tissue

yield can enhance sample quality [54].

According to a study conducted by Dirol et al., [55] The use of 21G and 22G needles was most
accurate in identifying malignancies. However, the accuracy rate of the 21G needles was higher
than that of the 22G needles, indicating that fewer samples were required for a definitive
diagnosis. Fewer samples could benefit a cytopathologist performing the ROSE procedure. A
study conducted by Saji [56] revealed that the 21G needle was better than the 22G in terms of
diagnostic yield. However, other investigations found no differences in sample adequacy or

yield between the two needles.

In recent years, numerous studies have examined the use of flexible 19-gauge EBUS-TBNA
needles, assuming that their larger size might enhance tissue collection [57]. Studies by
Chaddha et al. [58] and Dooms et al. [59], comparing the diagnostic yields of 22G and 19G
needles, found no difference in yield between the two. They also observed that the 19G needles

produced fewer adequate samples.

In a study conducted by Sakai et al [60], the diagnostic capabilities of 22G and 25G needles
were evaluated. Although the two needles had the same diagnostic yield, the samples obtained
with the 22G needle contained more malignant cells than those obtained with the 25G needle
[61]. Moreover, a study carried out by Di Felice et al. revealed that the analytical yield, sample
adequacy, and diagnostic yield of 21G and 25G needles were similar [62].

Overall, tissue sampling yields inconsistent results, and the diagnostic yield with EBUS-TBNA
needles varies. When choosing a needle size, consider the patient's suspected disease, the
location of the lymph node station, the intended sampling method, and the desired penetration

rate.
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2.3.2 Suction

Although suction is commonly employed by physicians, its benefits in diagnostic yield have
yet to be shown to be significant [62]. Lin et al. conducted a study on the impact of suction
without a stylet on sample adequacy and diagnostic yield. It was found that those who used
suction had a higher tissue core acquisition rate, but there was no notable statistical difference

between the groups [63].
2.3.3 Rapid On-Site Evaluation (ROSE)

The ROSE procedure entails immediate cytopathological assessment of aspirated tissue
samples during EBUS-TBNA. This allows the specialist to provide immediate feedback on the
specimen’s quality and adequacy. According to various studies [56], [63], [64],[65]the use of
ROSE can enhance diagnostic accuracy by up to 30%, reduce the number of passes required to
diagnose lung cancer, increase the specimen’s adequacy, and decrease the need for a repeat
procedure [66]. Moreover, ROSE can help reduce the workload of a pathology laboratory by
eliminating the need to examine many slides. With that in mind, there is debate over its cost-
effectiveness, given the procedure's time-consuming nature and the requirement for a dedicated
cytopathologist. According to numerous studies, the use of ROSE does not have an apparent
advantage in improving diagnostic yield [67], [68], [69]. The main reason for the minimal
impact of this technique is that the EBUS-TBNA procedure already has a relatively high
diagnostic yield, as shown by Bandiera et al [70]. In the UK, ROSE is not typically available

due to logistical constraints related to the limited capacity of cytopathology services.
2.4 Current Research on Needle Tip Design

The fundamental design of needle tips depends on factors such as angle, gauge, and the number

of cutting planes. The most basic type of needle tip geometry is a single-plane design.

Multi-plane designs are more complex due to varying plane angles and the choice between
non-symmetric and symmetric orientations [71]. The current generation of EBUS-TBNA
needle systems, Figure 2.7, utilised either a lancet or a back-cut bevel configuration; however,

the exact reason for this choice remains unclear.
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Figure 2.7: EBUS-TBNA needles. (a) 19 G, (b) 21 G, (¢) 22 G, and (d) 25 G Copyright 2020
by Olympus America

When a needle is inserted into tissue, it exerts a force [72], that begins to fluctuate due to factors
such as cutting and friction forces [73]. The force required to puncture tissue with a needle is
referred to as the cutting force, while the stiffness force it generates results from the tissue’s
deformation. The cutting force comprises the plastic deformation induced by the cutting
process and the force exerted by the needle on the tissue. The friction force arises from the
tissue’s internal structure. The tip geometry can be defined by three cutting angles: the
inclination angle, A, the induced angle, 6, and the rake angle, a [74]. The orientation angle is
the angle between the tip’s taper and the needle’s axis. The induced angle, 8, on the other hand,
is the angle between the two cutting edges. a refers to the angle between the cutting edge and
the needle’s direction. It determines the force required to cut the tissue. The geometry of the
tip, defined by a and A, affects the quality of the tissue obtained. A study conducted on two-
plane needles revealed that those with a high A and a can provide longer tissue samples [75].
According to Han et al., a small included angle and rake angle can reduce tissue penetration

forces in the area between the tip and tissue [76].
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Although few studies have specifically examined the geometry of the needle tip for EBUS-
TBNA biopsy, several investigations have examined the utilisation of needles in other medical
procedures. In a study by Hirsch et al., the tip of a 5-bevel needle was compared with that of a
3-bevel needle in subjects with diabetes. The study revealed that the tip of the 5-bevel needle
had a 23% reduction in force when compared to the 3-bevel tip [77]. Another study, conducted
by El Hajj and his team, compared the Franseen tip with a fine-needle aspiration (FNA) needle.
It was discovered that the Franseen needle offers a larger specimen size and requires fewer

passes than the FNA needle, but has a slightly higher risk of tissue damage [78].

2.4.1 Needle and Transducer Innovations

Significant progress has been made in transducers and needles, many of which are designed to
improve tissue access and imaging guidance during minimally invasive procedures. Although
many innovations aim to enhance the efficiency of these technologies, the core mechanisms

governing tissue mechanical behaviour remain poorly understood.

Mechanical cutting is the primary method for performing biopsies, but a more effective and
efficient way to enhance tissue-needle interaction is to incorporate ultrasonic energy. Perra et
al. demonstrated that ultrasonic actuation at the needle tip, called the SonoLacet, induces highly
localised nonlinear phenomena, such as cavitation, acoustic streaming, and radiation forces,
which can facilitate tissue detachment and increase biopsy yield compared with passive needles
of the same gauge. This technique was particularly beneficial in fine-needle biopsy procedures,
as it significantly increased tissue yield, up to 3—6 times that of standard methods. This shows
that ultrasonic actuation can directly influence cutting and coring mechanisms at the
microscopic scale [79]. The development of these innovations demonstrates how dynamic
energy input can affect the needle-tissue interaction. However, the mechanical properties of
tissue, such as local stiffness, nonlinear elastic response, and energy absorption, are often
assumed constant or treated as phantoms, suggesting that tissue-specific mechanical

characterisation remains required.

Beyond basic actuation, advanced resonant needle designs are also being developed to
manipulate vibration modes for specific clinical tasks. For example, the longitudinal-torsional
needle developed by Cleary et al.[80] can penetrate deep bone. The device combines shear and

axial motion through a geometric modification of the transducer-needle assembly.
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Experimental and finite element analyses were used to maximise torsional displacement while
preserving longitudinal amplitude. Although these methods are primarily used for bone, the
principles of multimodal vibration and geometric tuning are widely applicable to needle
technologies involving complex tissue structures [81]. Despite notable engineering advances
in these needles, their use in soft tissues remains limited due to a lack of understanding of their
mechanical properties. For instance, the performance of resonant needles in heterogeneous,
nonlinear tissues such as lymph nodes remains an open question, highlighting a knowledge gap

regarding how tissue properties influence needle behaviour across different scales.

Although these innovations demonstrate how dynamic needle behaviour, such as vibration
mode, sensing signals, and actuation forces, can influence sampling yield, imaging guidance,
and penetration efficiency, they do not replace the essential understanding of tissue mechanics,
especially of lung lymph nodes, which is fundamental to accurate modelling of insertion forces,

deformation, deflection, and sampling outcomes.

2.5 Summary

Since 1987, lung cancer has been the second most common cancer in both men and women
worldwide. It arises from the uncontrolled division of lung cells, leading to DNA alterations.
Lung cancer can spread through the bloodstream to other organs via metastasis. It is diagnosed
using a bronchoscope, which is inserted into the bronchial tree to obtain high-resolution
ultrasound images. For diagnosing and staging lung cancer, endobronchial ultrasound-guided
transbronchial needle aspiration is a vital method for collecting and analysing mediastinal
lymph node tissue samples. EBUS-TBNA employs hollow needles ranging from 19 G to 22 G.
The usual target for an EBUS-TBNA biopsy is the lymph node, a small, kidney-shaped organ
enclosed in a capsule of adipose tissue. Lymph nodes are soft tissues whose mechanical

behaviour is best described as nonlinear and can be modelled as hyperelastic.

Ultrasonic actuation and resonant needle designs could improve the accuracy and effectiveness
of percutaneous procedures by enhancing penetration, guidance, and biopsy success rates.
However, studies are often limited by reliance on simplified or assumed models of tissue
mechanical behaviour, particularly when interpreting sampling results and needle performance.
This limitation is especially important in EBUS-TBNA, which involves multiple factors that

affect biopsy success, such as controlled tissue deformation and effective sample retention.
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Although lymph nodes are small, encapsulated, and mechanically heterogeneous, their
nonlinear mechanical properties and response to needle insertion remain poorly understood and
characterised. Therefore, existing needle innovations cannot be fully evaluated or optimised
for lymph node biopsies without a deeper understanding of tissue behaviour during insertion.
Additionally, while many studies have shown improvements in vibration response, needle
visibility, and penetration force, little is known about how these factors affect the length of
tissue sampling or the relationship between needle geometry and diagnostic tissue yield. The
lack of information about how these factors affect sample properties highlights the need for
foundational biomechanical research that connects tissue properties, insertion mechanics, and
sampling outcomes. There is a significant gap between advanced needle and transducer
technologies and the mechanical understanding needed to optimise their use in lymph node
biopsy. This gap must be closed by developing a thorough understanding of the mechanical
properties of lymph node tissue, validating models of needle-tissue interaction, and
systematically examining how needle shape affects tissue deformation and sampling

effectiveness.
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3.1 Introduction

Any material that can bend or deform easily under external forces is referred to as *’ a soft
material [82]. Biological soft materials, such as the brain [83], cancer cells [84], cartilage [85]
and lymph nodes, exhibit varying length scales across their cellular and tissue structures. These
complex structures require mechanical characterisation of their properties across the elastic

modulus range and on physiologically relevant timescales, Figure 3.1.

The chapter provides an overview of the experimental techniques used in this thesis. Sections
3.2-3.3 examine experimental approaches for studying the mechanical behaviour of soft
materials. Section 3.4 discusses the nonlinear elastic (hyperelastic) response of soft materials
in detail, covering the implementation of common models and the underlying mathematical
fundamentals. Finally, Section 3.5 provides a thorough discussion of the phenomena observed

during needle-tissue interaction.
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Figure 3.1: Various scales of soft biomaterials: (a) length scales from the molecular to the
organ level; (b) different physiological process timescales; (c) comparison of the elastic

modulus of different materials [86]. Copyright 2018 by the authors.
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3.2 Soft Materials Mechanical Properties

Many constitutive models, including hyperelastic, poroelastic, viscoelastic, and linearly elastic
approaches, have been utilised to study the mechanical properties of soft tissues. These models
also fall into distinct categories of constitutive responses, thereby distinguishing them from

typical engineering frameworks.

Several types of soft tissues and biomaterials exhibit non-linear stress-strain behaviour,
characterised by an increase in stiffness with strain. Under small deformations, the relationship
between stress and strain can be considered proportional, Figure 3.2(a). The elastic modulus,
E, characterises the linear elastic stage of behaviour in most engineering materials. The
threshold for the linear range can vary depending on the testing technique and the biomaterials
used. One method for simplifying the nonlinear behaviour of materials using linear-elastic
models is to decompose the stress profile into multiple components. Each component can be

regarded as a linear model of mechanical behaviour [87].
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Figure 3.2: Constitutive response of soft biomaterial: (a) non-linear stress-strain behaviour
model, where the stress profile can be considered linear under small strain; (b) time-dependent
mechanical behaviour showing stress relaxation (top) and creep (bottom) [88]. Copyright 2018
by the authors.

The second major aspect of the properties of soft biomaterials is their time-dependent
behaviour. Viscoelastic materials both store and dissipate mechanical energy when subjected
to mechanical excitation. They can also exhibit stress relaxation and creep over time, Figure
3.2(b). The Prony series approximation is frequently used to describe the viscoelastic response

[89]:

55


https://www.ncbi.nlm.nih.gov/pmc/about/copyright/

Chapter 3: Experimental Background

G(t) = G+ 3, Ge 1 (3.1)

where the equilibrium shear modulus is G, the time constant for the exponential terms is j,
and the magnitude of the shear modulus is G;. The initial shear modulus can be calculated by

adding the values of G; and G. 7 is the shear stress. [89].

Most soft biomaterials undergo hydration, and the poroelastic, also known as biphasic, model
can be used to study the physiological effects of fluid movement through porous materials [90].
The hydraulic permeability, k, is expressed in terms of the intrinsic permeability, density, and
fluid viscosity, and is a vital parameter for determining fluid-solid coupling. The shear
modulus, G, and Poisson’s ratio, v, are also used to characterise the elastic behaviour of the

porous skeleton [91].

The anisotropy and heterogeneity of soft materials are also important factors that influence
their behaviour. Some of these characteristics exhibit direction-dependent behaviour due to
their structural complexity [92], [93]. In addition to their inherent properties, external factors,
such as environmental conditions, can affect the behaviour of soft materials. It is, therefore,

important to study these phenomena using specific models and analysis methods [94], [95].
3.2.1 Soft Material Characterisation

The characterisation of soft tissues involves identifying the attributes that govern their
mechanical properties. Knowledge of these properties enables a better understanding of how
these materials respond and how they can be utilised efficiently. Mechanical properties are
among the most commonly considered factors in soft-tissue characterisation. The mechanical
properties of materials include Young’s modulus, E, which measures elasticity in compression
or tension, and shear modulus, G, which measures stiffness under elastic strain. Other
properties include Poisson’s ratio, v, the ratio of longitudinal strain to transverse strain; yield
strength, the stress level at which a material stops being elastic; and ultimate strength, the
maximum stress a material can endure [96]. The study of soft tissues has a wide range of

applications in medicine.

Characterising soft tissues can be challenging due to the complexity of the process and the

many factors involved. One of the main issues is that soft tissues are fragile and smaller than
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other tissues. Characterisation techniques may need to operate at the microscopic scale to study
the mechanical properties of soft tissues, such as their elastic modulus, which typically ranges
from tens of Pa to tens of kPa [97]. Due to the fragility of soft tissues, characterisation
techniques must accurately measure and apply small-scale forces, such as micronewtons and
nanonewtons, to investigate them properly. Additionally, techniques need a wide dynamic
range to accommodate the various types of soft tissue. Finally, the deformation induced by
forces applied to soft tissues must also be measured at smaller scales, such as micrometres and

nanometres, to accurately determine their mechanical properties.

Another common issue in characterising soft tissues is sample preparation. Unlike traditional
materials used in mechanical testing, which are typically rigid and dense, soft tissues are often
difficult to cut and exhibit limited dimensional stability. They may also feature surface profiles
with underlying architectures that follow the outlines of the constituent materials [98].
Additional challenges for characterisation methods in soft tissues include the heterogeneous,
viscoelastic, and anisotropic properties previously mentioned. Water is the primary constituent
of soft tissues. This means that their physiological responses to deformation can largely be
attributed to the fluid flow within them [96]. Despite this, many studies, including this one, do
not consider the viscoelastic behaviour and treat tissues as elastic or hyperelastic [99]. This is
mainly due to the difficulty of deriving viscoelastic properties, which combine elastic and
viscous characteristics. To capture these capabilities, specialised testing in the time and
frequency domains is required, as well as the development of accurate mathematical models
[99]. Anisotropy is a feature observed in soft tissues due to their orientation. It is important to
ensure that samples are properly oriented during tests to avoid accidentally generating a bias

[100].

One of the most overlooked yet vital aspects of soft tissue characterisation is how their
mechanical properties change once they are outside the body. Once removed, the tissue
becomes susceptible to adverse processes, including dehydration and degradation. Therefore,
it is essential to test it as soon as possible to preserve its mechanical integrity. The mechanical
properties of tissues can be maintained after excision; however, this requires keeping them at
a specific temperature and in a hydrated environment. In some studies, tissues are temporarily
frozen using liquid nitrogen. To minimise dehydration, they may instead be stored in saline
solution. Regardless of the method used, it is important to preserve the tissue's natural state and

characterise it as if it were being tested in vivo [103].
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3.3 Mechanical Testing of Soft Tissue

Several techniques are used to mechanically test soft-tissue responses relevant to needle
insertion mechanics. The mechanical characterisation techniques described in this section were
selected to provide insight into tissue behaviour during needle insertion, Figure 3.3. In
particular, unconfined compression testing, Figure 3.3(a), was used to evaluate the bulk
mechanical response of soft tissue under compressive loading conditions analogous to needle-
tissue interaction, while nanoindentation, Figure 3.3(b), enabled localised assessment of tissue
stiffness and deformation behaviour at smaller length scales. These properties are key
determinants of insertion force, tissue deformation, penetration resistance, and overall needle

performance during intervention procedures.

Constant Load

Constant Load

L/

Figure 3.3: The various types of mechanical testing procedures used to assess the mechanical
properties of soft tissues: (a) confined compression; and (b) nanoindentation [101]. Copyright

2014, Sage Publications.
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3.3.1 Uniaxial Compression Testing

Compression testing is commonly used to characterise materials. It differs from tensile testing
in that it compresses the sample rather than stretching it. The core idea of compression testing
is similar to that of tensile testing: the force applied to a sample is measured to determine its
stress. During the test, both strain and stress are recorded, and the resulting data are used to
construct stress-strain curves. Instead of being gripped, the sample is placed between two plates
and subjected to compressive loading. The two most common methods for conducting
compression testing are confined compression, shown in Figure 3.4(a), and unconfined
compression, shown in Figure 3.4(b) [98]. In confined compression testing (CCT), the sample
is placed within an impermeable well and compressed by a platen, allowing the interior fluid
to move vertically [98]. Unconfined compression testing (UCT) involves placing the sample

between a non-porous plate and an impermeable base, which directs the flow of fluid radially

[98].
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Figure 3.4: Mechanical tests for characterising soft materials: (a) confined compression, (b)

unconfined compression [96]. Copyright 2023 The Authors. Published by Elsevier Ltd.

UCT allows the contact surface between a sample and the test tool to be free. The conditions
under which contact between a soft tissue sample and a test tool is maintained during UCT are
difficult to determine. In such cases, a small preload force is required to ensure sufficient

contact between the sample and the test tool. This marks the beginning of the compression
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process [105]. UCT has three contact classifications: no-contact, real-contact, and reference-
contact. In the no-contact state, Figure 3.5(a), there is no strain or significant contact between
the sample and the test tool. The real contact state, Figure 3.5(b), occurs when contact between
the sample and the test tool is initiated and the reaction force from the tissue is negligible. It is
an instantaneous state, making it difficult to define. The reference-contact state, Figure 3.5(c),
occurs when the sample’s reaction force reaches a set preloading threshold. The preloading

force is typically used in compression testing to maintain contact between the sample and the

test tool [106].
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Figure 3.5: Different contact states can be identified in biomaterials during compression tests.
(a) No-contact state, characterised by the absence of contact between the tissue and the test
tool and by zero strain; (b) real-contact state, in which the test tool first contacts the tissue; and
(c) reference-contact state, which occurs when the tissue reaches the preloading force threshold

[102]. Copyright 2021 by The Author(s).

One of the most significant advantages of compression testing is its ability to evaluate soft
tissues in a hydrated environment [96]. Many load-bearing tissues in the body are subjected to
compressive forces, and their mechanical properties can be measured through compression
testing. Moreover, compression testing allows direct assessment of a material’s properties by
generating stress-strain curves. However, a disadvantage of compression testing is the difficulty
of sample preparation, as samples must be cut to precise specifications and have no surface
irregularities. Finally, frictional forces can affect the test's accuracy, leading to an

overestimation of stress due to friction between the sample and the test tool.
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During needle insertion, UCT provides insight into the bulk compressive behaviour of soft
tissue and its resistance to deformation under load. The resulting stress-strain response can be
used to estimate tissue stiffness and viscoelastic behaviour, both of which influence the needle
insertion force and tissue displacement during penetration. Understanding these properties is
important for predicting needle performance, optimising insertion parameters, and minimising

tissue trauma during procedures.
3.3.2 Nanoindentation Test

Depth-sensing indentation (DSI), also known as nanoindentation, is a technique in which a load
is applied, and the resulting indentation depth is measured to quantify the induced deformation
(Figure 3.6). During typical DSI, the indentation depth, load P, and time t are monitored as the
indenter is brought into contact with the sample surface. The sample’s mechanical properties

are then determined using various constitutive models.
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Figure 3.6: Schematic diagram showing different features of a nano-indenter instrument [103].

Copyright 2018 by the authors.

A nano-indenter has several essential components. The first is the loading unit, which can be
driven by the expansion of components such as a magnetic coil or a piezoelectric element [105].
The second is the detection unit, which uses a transducer or sensor to measure the indenter's
displacement. It can be used in combination with other methods to measure force, or
independently [106]. The third essential component of a nano-indenter is the indenter tip.
Indenter tips typically used for biomaterials are dull, such as spherical and flat indenters, rather

than sharp indenters, such as the Berkovich and Vickers, to avoid penetrating the sample. The
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sample stage comprises a two- or three-dimensional translational system to move the sample.
A microscope is also integrated with the DSI to observe and select the indentation point on a
sample during testing. The final essential component is a control system to operate the

instrument, analyse the results and save the data.

Nanoindentation provides localised measurements of tissue mechanical properties, such as
elastic modulus and resistance to deformation, at spatial scales relevant to needle-tip
interaction. These measurements are particularly valuable for understanding the local
mechanical environment encountered during needle insertion. Variations in local tissue
stiffness can influence insertion force, needle deflection, penetration efficiency, and tissue
damage. Therefore, nanoindentation data were used to evaluate how tissue mechanical

heterogeneity may affect needle performance during insertion.

Compared with other methods, nanoindentation offers several advantages for characterising
soft tissues. Firstly, it requires less effort in sample preparation than alternative techniques.
This improves testing accuracy by removing constraints, such as cross-sectional dimensions,
that limit comparisons between samples. Additionally, simpler sample preparation reduces

damage, enabling in vivo studies of soft tissue.

3.3.3 Test Protocols

Compared with hard engineering materials, soft biomaterials are more compliant. Their elastic
modulus typically ranges from MPa to kPa. Given the complexity of soft materials, it is
important to consider their mechanical behaviour across multiple scales, particularly when
using commercial instruments. This section provides guidelines for data collection and

analysis, along with potential limitations.

3.3.3.1 Tip Selection

Tip Material

The materials used for the indenter tip are typically stiffer than the sample. This ensures that

the tip's compliance is small and can be ignored. Due to the low modulus of soft materials,
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indenter tips made of sapphire or diamond, which are widely used in nano-indentation, can be

replaced with those made of aluminium [107], silicon [84], steel [108], and silica [109].

Tip Geometry

When characterising soft biomaterials, the force-induced indentation regime differs from that
of stiff materials, as the forces generated at large displacements are smaller than those generated
at relatively small displacements [101]. Compared with sharp tips, such as those made by
Berkovich [104], Vickers [105], and cube corner [106], and with conical [107] geometries, the
use of dull tips, such as spherical [92] and flat-ended [108] geometries, provides various

advantages.

A dull tip can achieve a larger contact area, resulting in a higher force than a sharp indenter at
the same indentation depth. This is ideal for testing within the instrument's resolution. Sharp
tips can cause excessive stress concentrations and plastic deformation, leading to sample
damage ranging from tissue penetration to membrane rupture. Due to the complexity,
variability, and heterogeneity of soft biomaterials, using a sharp tip can yield inconsistent
results across repeated tests. This is due to the small size and the lack of a substantial tip contact
area. With a dull tip, a single measurement can be regarded as the average of multiple
measurements, thereby reducing characterisation time. Despite the widespread use of spherical
and flat-ended tips for characterising soft biomaterials, their advantages and disadvantages can
vary with the specific conditions under which they are used. Figure 5.4 provides an overview

of the different types of tips [109], [110].
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Table 3.1: Comparison between spherical and flat-ended tips [111], [112].

Typical Material types

Advantages

Disadvantages

Spherical | Commonly manufactured | * Produces a smooth and|e Contact area changes
Tips from rigid, wear-resistant | gradually increasing contact area, | continuously with
materials such as stainless | resulting in a more uniform stress | indentation depth,
steel, tungsten carbide, | distribution. increasing the complexity
ruby, or diamond to | ¢ Reduces stress concentration at | of contact mechanics

maintain a constant tip | the contact interface, minimising | analysis.
radius and minimise wear | the likelihood of local tissue | « Lower spatial resolution
during repeated | damage. compared with flat-ended
indentation tests. * Better represents physiological | indenters because the
contact conditions when testing | contact region increases
compliant biological tissues. | during loading.
* Less sensitive to minor surface | © Mechanical property
irregularities, providing stable | calculations are highly
and repeatable measurements on | dependent on accurate
heterogeneous soft tissues. measurement of the tip

radius.

Flat- Typically manufactured | «+ Maintains a constant contact |  Produces higher stress
Ended Tip | from  rigid metallic | area throughout indentation, | concentrations around the

materials such as stainless
steel, titanium, or
aluminium, owing to their
high stiffness,
dimensional stability, and
resistance to deformation
during mechanical

testing.

simplifying stress calculations

and data interpretation.
* Provides excellent positioning
accuracy and high measurement
repeatability.
* Generates higher reaction
forces than spherical tips at the
indentation

same depth,

improving the signal-to-noise
ratio of force measurements.
* Well suited for quantitative

mechanical characterisation,

contact edges, increasing
the risk of localised tissue
damage.
* More sensitive to
specimen alignment and
surface roughness than
spherical indenters.
* Less representative of
physiological contact
conditions in  many

biological tissues due to
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where consistent contact | the abrupt  contact

conditions are required. geometry.

Tip Dimensions

By varying tip dimensions, indentation equipment can be used to analyse soft tissues across
different length scales. Dimensions can range from the micro- and nanoscale to large-scale
indentation, with tip diameters of millimetres or greater. To study the mechanical behaviour of
soft tissues and avoid misinterpretation of the data, certain criteria should be applied during
indentation. This is achieved by setting the tip size, R, to be five times the sample thickness

and less than one-fifth of the sample width, thereby avoiding edge effects [107].

3.3.4 Choice of Mechanical Test and Indentation Tip

To evaluate the effective bulk mechanical properties of soft materials under conditions that
permit lateral deformation, unconfined compression testing will be performed in Chapter 4
rather than confined compression testing. In unconfined compression, the sample can expand
laterally under axial load, so the measured response reflects both axial and lateral deformation,
which is influenced by the material's Poisson’s ratio. This setup is ideal for soft materials that
exhibit viscoelastic behaviour and are nearly incompressible. Allowing lateral strain provides
a more accurate assessment of a material's behaviour under physiological and practical loading
conditions. Conversely, when confined compression is employed, lateral deformation is
restricted, leading to increased apparent stiffness that may not accurately represent the
mechanical behaviour of the soft material. From an experimental perspective, unconfined
compression offers simpler sample preparation, reduced sensitivity to frictional and boundary

conditions, and facilitates easier interpretation of the resulting stress-strain behaviour.

The shape of the indentation tip is crucial for the mechanical characterisation of soft materials,
as it directly influences stress distribution, deformation patterns, and the accuracy of derived

mechanical parameters. Therefore, a spherical indentation tip will be used in nanoindentation
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tests for its effectiveness in characterising soft materials. Spherical indenters produce a
gradually increasing contact area as indentation depth increases, resulting in a smoother stress
distribution and reduced stress concentration compared with flat-ended indenters. This
advantage is particularly important for soft materials, which often undergo large deformations
and exhibit non-linear mechanical behaviour. By spreading deformation more evenly across a
larger volume of material, spherical indentation reduces the risk of localised damage and yields

a response that more accurately reflects the bulk material's properties.

Based on the theoretical considerations presented in this section, unconfined compression and
spherical indentation were selected for the experimental characterisation of soft materials.

These methods are described and implemented in detail in Chapter 4.

3.4 Mechanical Behaviour of Soft Material

Finding suitable constitutive laws for the complex mechanical behaviour of soft materials can
be challenging; however, the mathematical analysis used to determine their mechanical
properties can be very valuable. A range of non-linear models can provide a detailed
understanding of the behaviour of soft materials. The most commonly used model is the
hyperelastic model, which assumes that stress does not depend on the history of previous time
or loading. The stiffness and stress of a material are described by the strain energy function

(SEF), which depends on time [113].

3.4.1 Continuum Mechanics of Hyper-elasticity

Constitutive models for soft materials are widely used to study their nonlinear mechanical
behaviour. Before describing those models, it is important to understand the two types of
deformation: pure shear and volumetric deformation [114]. The SEF, ‘W’, of a hyperelastic

material is expressed as [39]:

W =W(C) (3.2)

where C is the right Cauchy-Green tensor. The relationship between stress and strain can be

derived from (3.2) as:
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S =20W /aC (3.3)

where S denotes the second Piola-Kirchhoff stress tensor.

If the material is isotropic, then its SEF can be expressed by its principal invariants:

W == W(11,12,13) (3.4)

where I3, I,, I3 are the three invariants of the green deformation tensor, defined in terms of the

principal stretch ratios Ay, A, and A3, as in [44]:

L=2+2+13 (3.52)
I, = 2222 + 2223 + 2272 (3.5b)
Iy = 222222 (3.5b)

3.4.2 Anisotropy Structure

The mechanical response of biological soft tissues, in particular, is influenced by their structural
arrangement. For instance, the presence of components with a particular spatial orientation can
determine the tissue’s response. This phenomenon can be captured by modifying the previous
formulation to introduce new invariants related to the tissue's structural characteristics. For
instance, if a single family of fibres has a specific direction in each region of the tissue structure,

two additional structural invariants might be introduced [115].

I, =A.CA I = A.C?A (3.6)

where A indicates the fibre orientation, measured in the undeformed state. The local fibre

orientation in the deformed configuration is determined by the unit vector

a =FA/\ (3.7)

where A is the stretch in the fibre direction. The fourth invariant equals the square of the tissue’s

stretch in the fibre direction, and the fifth invariant shows that the fibres' contribution to the
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SEF depends on orientation and shear. Consequently, the SEF and the associated stress-strain

relationship are defined as [39]:

W=W (Ii, I, I3, 14, I5) (3.8)

s=235[(/51,) (*"/ac)] (3.9)

Equations (3.10) and (3.11) present a constitutive model that is isotropic and commonly used
in soft tissue mechanics [116]. Equation (3.10) offers broad generality, and a simpler, more

specific formulation is generally assumed [117]:
W= Wm(11,12,13) +Wf (14) (310)

where the contributions of the two factors to strain-energy efficiency are usually considered
separately. For instance, Equation (3.12) was justified by assuming that the tissue’s isotropic

ground matrix, W, is reinforced by fibres, W [118].
3.4.3 Incompressible Behaviour

It is generally believed that the presence of a significant amount of liquid in soft materials is
responsible for their nearly incompressible behaviour (13 = 1) under specific mechanical
conditions, e.g., at high strain rates. This necessitates adopting a specific form of the equation,

so that Equation (3.4) becomes [119]:
W=W(, —3,I, —3) (3.11)
3.4.3.1 Hyperelastic Models

According to Chagnon et al [120], an efficient hyperelastic model has three main
characteristics. Firstly, an efficient SEF should be able to reproduce the entire soft material’s
response in an S-shaped manner. Secondly, the number of fitting parameters for a particular
material should be minimised to reduce the number of tests required to determine them. Finally,

the mathematical model should be easy to implement numerically.
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In the literature, several hyperelastic models describe the hyperelastic response of soft
materials, including the Neo-Hookean, full polynomial, Mooney-Rivlin, reduced polynomial,

Yeoh and Ogden models [121].
Mooney-Rivlin Model

The Mooney-Rivlin (M-R) model is a polynomial model that combines two theories: large
elastic deformation and the isotropic material theory developed by Mooney in 1948 and Rivlin
in 1940, respectively [125]. The M-R model can be used to describe the isotropic, nearly
incompressible, and nonlinear mechanical response of various soft materials through their
strain-energy function (SEF) [126]. Although the M-R model is useful for studying the linear,
isotropic, nonlinear, and multiphase mechanical responses of soft materials in various
applications, such as shear deformation and uniaxial expansion, it cannot capture significant

upturns in the force-shear-displacement and force-extension relationships.

For a compressible soft material, the M-R model takes the form [122].
- - 1
W=Cyo(l; =3) + Cp (I —3) + D_l(]el - 1)2 (3.12)

The strain-energy-density model function W is based on the Mooney-Rivlin hyperelastic
model. The total strain energy is then decomposed into deviatoric and volumetric components.
The deviatoric component depends on the first and second invariants of the isochoric right
Cauchy-Green deformation tensor, I;and I, , which are obtained by removing the volumetric
component of the deformation. This ensures that these terms describe purely shear behaviour,

independent of volume change.

The material constants C;, and Cy; govern the material’s nonlinear shear response by
controlling the contributions of the first and second invariants. Subtracting 3 from each

invariant ensures that the strain energy is zero in the undeformed reference configuration.

The final term represents the volumetric contribution to the strain energy, where J,;is the elastic
volume ratio and D,is a material parameter related to compressibility. This term penalises

deviations from incompressibility, with larger values of 1/D;enforcing near-incompressible
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behaviour. Together, these terms define the total strain energy stored in the material as a

function of deformation.
Neo-Hookean Model

The Neo-Hookean model is regarded as the simplest theoretical model and is a special case of
the M-R form with Cy; = 0, introduced by Rivlin in 1948 [51]. It is a fundamental component
of Hooke’s law for large-scale deformation and is used to study the nonlinear behaviour of both
compressible and incompressible materials. Mathematically, the strain energy function (SEF)

of the Neo-Hookean model is expressed as:
- 1
W=Cro(y =3) + - (e — 1)? (3.13)

The distinguishing feature of this type of model is its constant shear modulus, which can be
characterised by two parameters: the stress and the volumetric deviatoric parameter. The Neo-
Hookean model is appropriate when material data is limited, but it cannot capture the upturn

in the stress-strain curve.
Yeoh Model

In 1993, Yeoh proposed a phenomenological third-order polynomial based solely on the first
invariant, I;, [123]. The Yeoh model is used to study the non-linear, incompressible, and
isotropic mechanical characteristics of soft materials and can capture the upturn in the stress-

strain curve. For compressible materials, the Yeoh model is expressed as. [54].
- — — K
W(Cy, Ca0, C30, K) = C1o(Iy = 3) + C30(I1 = 3)% + C30(Iy = 3)° + S (Ja — D?  (3.14)

whereC; g, C,o,and C3, are the material parameters of the deviatoric term, and K is the
material's bulk modulus. In addition, volumetric deformation may be captured by higher-order

terms.

In addition to being difficult to measure experimentally, the Helmholtz free energy’s weak

correlation with the second strain invariant (I2) of most elastomers prompted Yeoh to exclude
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I> from the model [124],[125]. An incompressible material can be subjected to Cauchy stress

under various deformations, such as biaxial, uniaxial, and planar, which are defined as [123]:

Ouni = 2[Cqp + ZCZO(rl -3)+ 3(:30(1_1 - 3)2](7\2 - 7\_1) (3.15a)
opi = 2[Cqp + ZCZO(rl -3)+ 3(:30(1_1 - 3)2](7\2 - 7\_4) (3.15b)
op1 = 2[Cqo + 2C20(I; — 3) +3C30(I; — 3)*1(A* =177 (3.15¢)

The Yeoh model is well-suited to handling large strain ranges and various deformation modes

with limited data, thereby reducing the requirements for materials testing [126].
Ogden Model

In 1972, Ogden proposed a phenomenological model that uses principal stretches rather than
invariants [127]. The Ogden model is widely used in applications involving biological tissues,
rubber, and polymers, and is useful for describing the slightly compressed behaviour of

materials.

The model's energy potential depends on the principal stretch. Unlike other models, it uses an

independent variable rather than a strain tensor invariant [128].

WSl S8 (A7 + A5+ 28 - 3) + 3, - Ja — D (3.16)

A, is the deviatoric principal stretch, and ;, o; are temperature-dependent material properties.

One advantage of the Ogden model is that it can capture the upturn in the stress-strain curve,
which is useful for simulating large deformations. It is important to avoid using this model with

limited test data (e.g., uniaxial tensile or compressive data only).
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3.5. Needle Insertion into Soft Materials

Having considered issues relating to soft tissues, it is now necessary to consider needle

insertion into these tissues.

A medical needle usually consists of a slender stainless-steel or nitinol needle tube with a
plastic hub at one end and a sharp tip at the other. The hollow space inside the tube is called
the "lumen," and the tip varies in cross-section. The shaft, however, maintains a constant cross-
section. Needle biopsy is a minimally invasive procedure that involves taking tissue samples
from organs such as the prostate, breast, and lymph nodes [129]. The precise placement of the
needle and accurate tissue sampling are essential for reliable diagnosis and treatment decision-
making. During the procedure, the force exerted by the needle can cause it to deform and angle
away, and may also displace soft tissues and surrounding organs, resulting in false negatives or

inaccurate results due to improper sampling [130].

3.5.1 Needle Insertion Phases

To accurately insert a needle into soft tissue, one should consider the needle’s motion relative
to its surroundings rather than its absolute motion. Figure 3.7 illustrates the various phases of
needle interaction and how they can be distinguished by considering the needle’s position

relative to the tissue’s outer boundary. These phases can recur if the needle encounters internal

structures or changes in tissue properties during insertion.
S
a b
(o d
Figure 3.7: Basic phases during needle insertion: a- no interaction; b- boundary displacement;

c- tip insertion; d- tip and shaft insertion [131]. Copyright 2011 by IEEE.
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3.5.1.1 Phase 1: Boundary Displacement

The initial phase, shown in Figure 3.7 (b), begins when the needle contacts the tissue’s outer
boundary and ends when this boundary is breached. This event is known as a puncture. The
displacement phase occurs when the tissue’s boundary deflects under the load applied by the
needle tip. However, the needle tip does not break through the tissue. This phenomenon, called

“tenting”, occurs when the boundary continues to move with the needle [132].

Figure 3.8 illustrates a typical force-time curve, adapted from Kobayashi et al.[133], who
measured the tissue’s relative velocity and displacement. The figure shows that during the
displacement phase, the force increases non-linearly. The curve’s shape is reminiscent of the
load increase observed during thin-membrane tissue displacement, as demonstrated by
Selvadurai [134]. Moreover, nearly all studies in this thesis exhibit the same non-linear axial

force behaviour with respect to boundary displacement.
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Figure 3.8: The difference between the post-puncture and pre-puncture phases during needle
insertion is determined by the needle's relative velocity. For example, the position of the 17G
bevelled needle is at the tissue boundary when it is inserted into a porcine liver ex vivo at

Smm/s [133]. Copyright 2009 by IEEE.

An increase in relative velocity at a specific time can indicate that a puncture has occurred.

According to Mahvash and Dupont [135], Shergold and Fleck [136], Azar and Hayward [137],
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and Nguyen [138], the events during the second and third stages of the procedure can be
explained using fracture mechanics. When the tissue boundary is displaced by the needle, the
load at the needle entry site increases, along with the stresses in the surrounding tissue.
According to Kobayashi [139], if stresses exceed a threshold, a crack may form in the tissue,
thereby allowing the needle to penetrate it. Based on the work of Azar and Hayward [137], and
Fleck and Shergold [136], the shape of the needle tip influences crack formation. When
employing conical or sharp needles, a planar crack can be initiated. Diamond-tipped needles
can cause star-shaped cracks, while needles with a large bevel angle may produce ring cracks,
as shown in Figure 3.9. The second phase of needle insertion begins once a crack has been

initiated.

Figure 3.9: Microscopic crack pattern observed in fresh porcine tissue penetrated by three
types of needles. The left image shows the geometry of the crack created with a Franseen
needle, which has a triangular diamond tip, while the middle and right images show the cracks
created using a standard bevel tip and a short-bevel biopsy needle, respectively [140].

Copyright 2011 by IEEE.

3.5.1.2. Phase 2: Tip Insertion

The second phase, shown in Figure 3.7 (c), begins after the tissue boundary is breached and
ends when the boundary shifts from the tip to the shaft. As the needle advances, the size of the
tissue-boundary crack increases. According to Mueller [147], the tip’s sharp edges create a

recess that is wedged open by the expanding cross-sectional area.

Depending on the tissue’s properties, crack development can be categorised into two phases: a

gradual process involving cutting and a sudden burst involving rupture. The tissue’s properties,
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such as its rupture toughness and the strain energy it stores, are also considered when

determining the type of growth.

When a thin membrane is punctured, the energy stored during the displacement phase can
trigger a sudden extension of the crack. This may lead to a significant decrease in force due to
accumulated strain energy, an irreversible process. The increase in strain energy during
deformation persists until the crack’s energy becomes sufficiently low to allow stable

movement.

According to Dupont and Mahvash [140], a needle passing through the internal boundary of a
tissue layer can cause a rupture. This can occur when the toughness of the new tissue layer is
lower than that of the existing layer. The same authors also note that the transition from the tip
to the shaft can increase the axial force caused by the hole in the tissue layer’s boundary. This

effect can vary with the needle type, i.e., its tip geometry.

3.5.1.3 Phase 3: Tip and Shaft Insertion

The third phase, Figure 3.7 (d), begins after the transition from tip penetration to shaft
penetration. It terminates when the needle stops or an internal boundary is reached. During this
phase, the gap’s distance, size, and shape, as well as the contact zone between the tissue and
the tip, remain constant. As the needle advances, only the contact area between the shaft and
the tissue increases. The needle is subjected to various forces during this phase, including
rupture and cutting forces at the tip. It also experiences varying frictional forces due to the

interaction between the tissue and the shaft.

In an ex vivo setting, Hing et al. observed that the cutting force in porcine liver was relatively
constant [141]. However, it may vary with the degree of tissue inhomogeneity. The study’s
findings were based on 45 insertions of diamond-tip needles, performed at an average rate of
13 mm/s. The analysis employed a simplified force decomposition, assuming that the measured
axial force is primarily governed by frictional and cutting forces. This assumption neglects
secondary effects such as tissue viscoelasticity and dynamic insertion effects, which may

influence force variability under different insertion conditions.
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3.6 Summary

This chapter covered various principles and methodologies that will inform the experimental
tests conducted in the remainder of this thesis. The experiments in this thesis will investigate
the mechanical properties of various soft materials and employ needle insertion to identify the

associated forces and phases.

Studies of the mechanical properties of soft biomaterials often begin with indentation and
unconfined compression tests. These tests are designed to determine the stress-strain
relationship. Because this relationship exhibits non-linear behaviour, it is expressed in terms of
strain energy, and different hyperelastic models are analysed to identify the best-fitting model.
The second part of the experimental testing will involve needle insertion, during which forces
will be measured throughout Phases 1, 2, and 3. The data collected from the mechanical
properties and needle insertion experiments will be crucial to achieving the aim of the thesis,

as they will enable computer modelling.
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4.1 Introduction

The work presented in this chapter aimed to describe the experimental methodology used to
mechanically characterise soft biological tissues and tissue-mimicking materials, and to
investigate potential correlations among the measured properties of these materials. The
resulting material descriptions are subsequently used as constitutive inputs for the finite
element analysis (FEA) framework developed in later chapters to simulate needle-tissue

interactions.

Soft tissues are widely recognised to exhibit nonlinear, anisotropic, and viscoelastic behaviour,
which complicates their mechanical characterisation and modelling. Their response is also
highly sensitive to environmental conditions, biological variability, and post-excision handling.
These factors introduce significant challenges in obtaining consistent, representative

mechanical data, particularly when the aim is to develop predictive computational models.

To address these challenges, this thesis employs a combination of experimental approaches,
with unconfined compression and nanoindentation selected as the primary characterisation
techniques. These methods are widely used in soft tissue mechanics but are subject to inherent
limitations, including boundary effects, sample heterogeneity, and surface—probe interaction

artefacts such as slip and local stress concentration.

Importantly, the selection of these two techniques is driven by their complementary relevance
to the mechanics of needle—tissue interaction. Needle insertion involves deformation across
multiple length scales. At the macroscopic level, tissue deformation is governed by bulk,
nonlinear mechanical resistance, which determines the global force required for needle
advancement. At the microscopic level, the initial interaction between the needle tip and tissue
is governed by localised contact mechanics and surface-level resistance. Unconfined
compression testing captures the material’s global, bulk response under large deformation,
while nanoindentation provides local mechanical characterisation at small length scales,

representing the initial conditions of needle penetration [101].

Human soft-tissue characterisation is further constrained by ethical and regulatory limitations
that restrict access to tissue samples and preclude extensive or repeated testing. In addition,

biological wvariability arising from age, sex, pathology, and post-excision degradation
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introduces further uncertainty into experimental datasets. These limitations motivate the use of
both biological specimens and tissue-mimicking materials to enable systematic and

reproducible mechanical characterisation.

In this study, a range of materials was selected to support this objective. Polyvinyl alcohol
(PVA) hydrogel was used as a controllable and reproducible phantom material, enabling
systematic variation of mechanical properties. Large pickled capers were included as a
structurally heterogeneous analogue to assess the influence of internal architecture and sample
handling on the measured mechanical response. Chicken breast was selected as a widely used
generic soft-tissue surrogate for benchmarking. Finally, ex vivo porcine lung lymph nodes were

used as the primary biological reference material, representing the target tissue of interest.

Together, this experimental framework enables the development of a multiscale mechanical
characterisation strategy, forming the basis for constitutive modelling and subsequent finite

element simulation of needle—tissue interaction presented in later chapters.
4.2 Summary of Development of Physical Model

The experimental workflow for characterising the mechanical behaviour of soft-tissue
analogues and biological specimens is illustrated in Figure 4.1. The process began with
specimen preparation using PVA hydrogel phantoms and ex vivo biological tissues selected to
represent a range of low-stiffness, nonlinear elastic materials relevant to soft-tissue mechanics.
Prior to mechanical testing, sample volume and mass were measured to determine density,

ensuring consistent specimen preparation and enabling comparability across material groups.

Mechanical characterisation was performed using unconfined compression and
nanoindentation on a Biomomentum Mach-1 V500c system equipped with flat and spherical
indenters. This combination of testing modalities was selected to capture both the bulk and
localised mechanical responses of the materials across different deformation scales.
Unconfined compression testing was used to characterise the global, nonlinear stress—strain
behaviour under large deformation, while nanoindentation provided complementary
measurements of the localised surface response at small indentation depths, representing

microscale tissue—contact interactions.
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Load—displacement data from both experimental modalities were processed to derive stress—
strain relationships, which were then used to calibrate hyperelastic constitutive models. In
particular, the experimental data were fitted with Ogden-type formulations to characterise the
materials’ nonlinear elastic response over physiologically relevant strain ranges. The resulting
material parameters were compared with published literature values to assess physiological
relevance and experimental validity. Where discrepancies were observed, testing protocols

were refined and measurements repeated to improve repeatability and reduce systematic error.

Beyond parameter identification, this stage of the work established the experimental basis for
a multiscale mechanical description of soft-tissue behaviour. Unconfined compression captures
the material’s macroscopic, bulk response under large deformation, which governs global
resistance during needle insertion and tissue displacement. In contrast, nanoindentation
characterises localised mechanical behaviour at the microscale, reflecting the initial contact
conditions between a penetrating needle tip and the heterogeneous tissue structure. Integrating
these two scales provides a more complete representation of the mechanical environment

encountered during needle—tissue interaction.

Importantly, the derived material parameters were not developed solely for descriptive
purposes but to serve as constitutive inputs for the computational framework presented in
subsequent chapters. Specifically, the experimentally calibrated hyperelastic models were
implemented within a finite element (FEM) needle insertion model to simulate the mechanical
response of soft tissues during needle penetration. This includes predicting force—displacement
behaviour, spatial tissue deformation, and needle deflection under controlled insertion
conditions. In this context, the compression-derived parameters primarily govern bulk
resistance and global deformation fields, while nanoindentation-informed behaviour

contributes to localised contact mechanics at the needle—tissue interface.

When agreement with literature data was insufficient, experimental conditions and modelling
assumptions were refined to improve consistency and physiological relevance. This iterative
approach ensured that the final constitutive parameters used in the FEM model were both

experimentally grounded and mechanically representative of soft tissue behaviour.
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Overall, this workflow establishes a validated multiscale experimental-to-computational
pipeline, linking material characterisation directly to predictive modelling of needle—tissue

interaction.
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Figure 4.1: Summary of the steps involved in the mechanical characterisation of lymph
nodes.
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4.3 Materials and Methods

4.3.1 Materials

4.3.1.1 PVA Hydrogel

PVA hydrogels belong to the broader category of gels. They typically consist of a solvent and
a polymer that forms a three-dimensional network through interactions among its
macromolecular chains. This network can be stabilised by either covalent crosslinking or
reversible crosslinking, arising from physical interactions such as hydrogen bonding or
crystallite formation. The choice of crosslinking mechanism affects the hydrogel's
responsiveness, stability, and mechanical properties [142]. The physicochemical and bio-
tribological properties of polyvinyl alcohol (PVA) hydrogels make them ideal for use in the
biomedical sector [149-150]. This type of gel is reported to be ideal for mimicking the
mechanical behaviour of the human lung under compressive loading. This is due to the friction

caused by the free flow of water between the two materials [148-151].

The production of PVA involves polymerising vinyl acetate to poly(VAc), followed by
hydrolysis. Higher degrees of hydrolysis can reduce the water solubility of PVA. A preparation
temperature above 70°C triggers the dissolution of PVA in water [152-153]. This occurs in
products with a water concentration of 95% or higher. Physical crosslinking involves
repeatedly thawing and freezing PVA solutions. This process is then utilised in a set of

experiments to produce PVA-based gel structures.

The first case of physical crosslinking of PVA to create a gel was reported in 1975 [148].
Subsequent research has shown that various processing parameters and the freeze-thaw cycle
affect the mechanical properties. The phase separation process plays a crucial role in the
physical crosslinking of hydrated PVA gel structures, Figure 4.2(a). Exposure to sub-zero
temperatures can cause the water in the solution to freeze and detach from the PVA, creating
zones of high PVA hydrogel concentration, Figure 4.2(b). The proximity of the PVA chains can
lead to the emergence of crystalline and hydrogen-bonding forms, Figure 4.2(c) And these
structural changes can remain intact even after the solution has been thawed. As a result, these

two phenomena lead to the creation of a three—dimensional network.
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Figure 4.2: Physical crosslinking of PVA hydrogel process: (a) PVA hydrogel solution;
(b) freezing process, during which water separates from the polyvinyl alcohol; (c) thawing

process [149]. Copyright 2018 by Elsevier Ltd.

Sample Preparation

The PVA solution was prepared by adding 99+% hydrolysed PVA with a molecular weight
(Mw) of 16400-18600 g - mol. A 6% crystalline PVA solution was prepared in a standard glass
conical flask by heating, adding, and mixing 12.77 g of PVA crystal into 200 ml of distilled,
degassed water. 0.01% or 0.021 ml of benzalkonium chloride was used as a preservative, Figure
4.3(b), (c). The solution was then poured into a 100 x 100 x 100 mm? (length x width x height)
plastic cubic mould, Figure 4.3(d), and processed through three freeze-thaw cycles (FTC)
between -20 °C and 20 °C. Each cycle involved freezing the solution for 12 hours at -20 °C

and thawing at room temperature for another 12 hours, Figure 4.3.
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(b) (d) 100 mm

100 mm

~ 100 mm

Figure 4.3: 6% PVA hydrogel preparation process. (a) ingredients and equipment comprising
standard glass flask (1), benzalkonium chloride (2), 99+% hydrolysed PVA (3), temperature
meter with sensor (4), magnetic mixer (5), analytical balance (6), temperature control heater
(7) ; (b) mass of PVA; (c) PVA solution covered with aluminium foil to prevent evaporation;

(d) PVA hydrogel in mould after freeze-thaw cycle.

. MPVA Mwater
Concentration = ——=—x100% M = 4.1
PYA ™ Mpya+Myater ’ pva L (100-1) 1)

PVAconcentration

The density of the PVA hydrogel used in this thesis was determined to be 1.02 g/ml using
Equation 4.2.
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p== (4.2)

where M = mass of PVA hydrogel in g and V the volume of water in ml.
4.3.1.2 Large Pickled Capers

Large pickled capers, Figure 4.4(a), are fruits of Capparis spinosa [150]. They were purchased
from a local store and stored in brine at a 10% salt concentration. Each caper measures
approximately 20 mm in diameter, defined as the width measured perpendicular to the caper's
longitudinal axis. Large pickled capers exhibit features that resemble the internal structures and
shapes of lymph nodes, thereby enabling their use in this thesis, which is based on a geometric
representation of lymph nodes. Samples used for mechanical testing were obtained using a 10
mm biopsy punch, Figure 4.4(c) perpendicular to the surface of the caper. Each caper produced
4 disk-shaped samples, Figure 4.4(d). Using the volume displacement method, the density of
the capers was found to be 1.2 + 0.2 g/cm?.

Figure 4.4: Large pickled capers sample preparation (a) whole caper; (b) cross-sectional view

of the caper; (c) 10 mm biopsy punch and blades, (d) samples

4.3.1.3 Chicken Breast

Before conducting experiments on fresh lymph node tissues, it was essential to understand the

testing equipment and the overall behaviour of soft tissue. This involved analysing a different
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type of soft tissue to validate other measurements, thereby preventing the waste of fresh lymph
node tissue samples. Additionally, it enabled verification of the effectiveness of the entire test
procedure, including the test setup, safety measures, sequence of events, and the adequacy of
the testing equipment. The experiments therefore began with chicken breast purchased from a
local store, as it was readily available and inexpensive. Although the properties of chicken
breast differ from those of lymph nodes in structure and appearance, it serves as a soft-tissue

analogue that can simulate soft-tissue response.

Before testing, the chicken breast was cut into rectangular samples of uniform shape by slicing
it longitudinally. Several measurements were taken with a digital calliper to ensure accuracy,
and each sample was weighed on an analytical balance. Density was determined using the
volume-displacement method, Figure 4.5. The density of the chicken breast was 1.1 £ 0.1

g/cm?. A summary of the measurements is provided in Table 4.1.

Increase in level
gives volume of
chicken breast

Figure 4.5: Chicken breast density calculation: (a) initial volume set to 150 ml/cm?; (b) final
volume with chicken breast. The increase in volume gives the volume of the chicken; hence,

the density is obtained by dividing the mass of the chicken by its volume.
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Table 4.1: Chicken breast measurements. The table shows the mean + and standard deviation

for length (L), width (W) and thickness (T).

Strain level 20% 15% 10% 5%

Mean Length | 22.0 + 0.29 225+ 0.74 202 +1.26 204 +1.02
(mm)

Mean Width | 24.1 + 0.82 19.6 + 2.07 19.2 + 2.50 18.6 £ 1.19
(mm)

Mean 13.5+ 0.83 12.0 + 0.35 10.6 £ 0.15 8.45+ 0.03
Thickness

(mm)

4.3.1.4 Porcine Lung Lymph Node

Domesticated pigs have played a vital role in improving human health over the years. They are
regarded as a valuable source of therapeutic and experimental materials and serve as an ideal
model for biomedical studies [157]. Pigs are similar to humans in their genetics, physiology
(including the lymphatic system), and anatomy [158]. The field of respiratory medicine
increasingly relies on the porcine model, which bridges the gap between human medicine and
small- animal models [159]. In humans, respiratory bronchioles are usually connected to at
least two or three alveolar ducts at birth, whereas in neonatal pigs, they are typically connected
to paired alveolar ducts [160]. Although the morphology and distribution of porcine airways
vary by breed and age, they are generally similar to those in the human lung. However, the
porcine trachea is longer and more cartilaginous than the human trachea Figure 4.6(a). Both
humans and pigs have highly lobulated lungs, with pulmonary lobules having well-defined
interlobular septa. Additionally, the structural and anatomical features of the bronchial and
lobular systems of pigs are comparable to those in humans. The pig's left lung, as shown in
Figure 4.6(b), resembles the human left lung in having cranial and caudal lobes. In contrast to
the human right lung, which has three lobes, the pig's right lung has four lobes Figure 4.6(d),
consisting of the accessory, middle, caudal, and cranial regions. The right cranial lobe contains

the cranial (tracheal) bronchus (Figure 4.6(e), which arises from the tracheal wall near the
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tracheal bifurcation (Figure 4.6) [161]. The lymphatic and immune systems of pigs are well
characterised and closely resemble those of humans [162], although some differences exist.
The anatomy of lymph nodes differs between humans and pigs; in pigs, lymph nodes have an
inverted structure, which may affect lymphocyte migration through them. Conversely, in
humans, lymph nodes exhibit centripetal lymph flow [163]. Unlike humans, lymph nodes in
pigs are lobulated, resulting from the fusion of three or more nodular units, each forming a

functional lymph node with a specific shape and structure [164].
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Figure 4.6: Anatomy of the porcine lung with a scale bar; (a) trachea; (b) carina; (c) left lung;

(d) right lung; (e) cranial lobe bronchus [151].

Approximately 20 sets of porcine lungs used in the experiments described in this thesis were
supplied by MedMeat Ltd (Rochdale, United Kingdom). They were shipped at low temperature
on the same day the animals were slaughtered and received the following morning. A blunt
dissection was performed with tweezers and straight forceps to harvest the highest mediastinal
and lower paratracheal lymph nodes (Figure 4.7). Following the dissection, any residual fat
pad tissue was gently removed from the lymph nodes, taking care not to squeeze or pierce the
lymph nodes. The detachment of the fat pad around the lymph nodes was confirmed by visual

inspection, and no gross disruption of lymph node structure, such as holes or incisions, was
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identified after harvesting. Lymph nodes were placed in D-PBS on ice until use and between
all handling steps. After harvesting, each lymph node was placed in a pre-weighed tube and
weighed on an analytical balance to determine its total weight. The harvested lymph nodes
varied in size, with masses ranging from 0.1 g to 3.7 g. Their mean mass was calculated to be
1.37 g £ 0.12 g and using the volume-displacement method shown in Figure 4.5, the mean

density was 1.04 g/cm3 + 0.13 g/cm3.
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Figure 4.7: Porcine lung dissection process: (a) Fresh porcine lung; (b) mediastinal and
paratracheal lymph nodes; (c) blunt dissection equipment, consisting of tweezers, blunt
forceps, and a cutting blade; (d) and (e) harvested lymph nodes showing variation in shape and

size.

Soft tissues, such as lymph nodes, are characterised by irregular shapes and a lack of uniform
size and orientation. In this thesis, the lymph node area was determined by decomposing the
organs into familiar shapes using centimetre-ruled graph paper with 2 mm x 2 mm sub-units.
This method provides a practical, reproducible approach for estimating the cross-sectional area
of irregular soft tissues. The areas of the shapes were then summed to determine the total area.

The process for calculating the area of irregular shapes is as follows:

e Place the lymph nodes on centimetre graph paper, Figure 4.8.
e Outline the lymph nodes with a pencil, then remove them from the paper.

e Count the number of complete squares within the outline, Figure 4.9.
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e Count the number of squares in the outline that are at least half within the outline.

e The total area of the lymph nodes can be calculated using equation (4.3).

Total area of lymph node = (Number of complete squares) +

% ( Number of half / more than half squares) 4.3)

The numerical data extracted from the traced images are summarised in Table 4.2. The

total equivalent number of rigid squares was calculated using equation 4.3

I
=5
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Figure 4.8: Demarcation area of porcine lung lymph nodes.

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5

i 10 mm i

Each grid square = 2 mm x 2 mm (area = 4 mm?)

Figure 4.9: Traced cross-sectional outlines of five porcine lung lymph node samples used for
image-based estimation of cross-sectional area. The outlines were superimposed on 2 mm x 2

mm graph paper, with each grid square representing an area of 4 mm?.
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The calculated cross-sectional areas are presented in Table 4.2.

Table 4.2: Image-based cross-sectional area estimation of porcine lung lymph node samples at

20% strain

Sample Full squares Partial squares | Area per square | Cross-sectional
(n) (n) (mm?) area (mm?)
Sample 1 110 20 4 480
Sample 2 80 25 4 370
Sample 3 180 34 4 788
Sample 4 30 35 4 190
Sample 5 140 50 4 660

The densities of the materials used in this study are listed in Figure 4.3. PVA hydrogel and
porcine lymph nodes have similar densities of 1.02 £ 0.1 and 1.04 + 0.13 g/cm?, respectively,
supporting the use of PVA as a tissue phantom for lymph node mechanical testing. Chicken
breast is slightly denser at 1.01 + 0.2 g/cm?, providing a general soft-tissue reference for
comparison. Large pickled capers, with the highest density (1.20 + 0.1 g/cm?), primarily serve
as a geometric analogue for lymph nodes, where density matching is less critical. Overall, these
density measurements confirm that the selected materials span a physiologically relevant range

and are suitable for systematic mechanical characterisation and subsequent FEA.
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Table 4.3: Soft materials densities

Materials Density (g/cm?) + SD
PVA hydrogel 1.02 £ 0.1

Large pickled capers 1.2+0.2

Chicken breast 1.1+0.1

Lymph nodes 1.04 + 0.13

4.3.2 Mechanical Testing Protocol

4.3.2.1 Mechanical Tester Model MACH-1 V500¢

Biomomentum is a medical device company that designs instruments for testing the mechanical
properties of cartilage and other biological materials. The Mach-1TM (Biomomentum, Laval,
Canada) is a comprehensive mechanical tester capable of performing tests such as tension,
compression, friction, torsion, indentation, and indentation mapping. The micromechanical
system comprises the tester frame, a motion controller, up to three motorised stages, one or
more load cells, a load-cell amplifier, and a computer. It may also include accessories such as
testing chambers, grips, and fixtures. The stages are used to bend, compress, or stretch the test
specimen to assess its deformation, while the load cell measures the force the specimen exerts.
The load-cell amplifier powers the load cell and converts the force into a digital signal, which
is then sent to the computer. The stages are operated by a motion controller managed by the

software. Common routines include sinusoidal, stress-relaxation, and ramp-release protocols.

Stress relaxation, the chosen mechanical testing function for this thesis, is a procedure
performed by the Mach-1 V500C system (Figure 4.10) that involves applying strain or
deformation to a sample to monitor the effects of stress on the sample. A test within the Mach-
1 V500C motion environment consists of many repetitive actions performed in response to a
given number of sequences. In turn, a sequence may consist of one or more functions, each

defined by its parameter values. Before a test can be executed, all parameters of the sequence
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functions should be defined. Among the many mechanical test configurations available, the
one used for the compression and indentation testing of soft materials in this thesis was

selected.

Stage (Z)

Load cell

Camera

Sample holder

Chamber for sample holder

Figure 4.10: Mechanical tester model Mach-1 V500¢ (Laval, Canada)

4.3.2.2 Probe Selection and Usage

The V500c mechanical tester has two single-axis load cells. The high-capacity model, MA297,
can output up to 250 N, while the low-capacity model, MA999, can measure force only up to
1.5 N, Figure 4.11(a) The load cells have nominal calibration weights of 500 g (MA337) and
100 g (MA336), respectively. When selecting a load cell, factors such as the material’s
structure, expected stiffness, and sample size should be considered. Chicken breast and PVA
hydrogel were tested using a 250 N load cell, and large pickled capers were tested using a 1.5
N load cell. Depending on the size of the porcine lung lymph nodes, low- or high-capacity load

cells were used.
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For compression testing, the Mach-1 V500c provides two flat indenters: the 31.75 mm-
diameter MA263 and the 12.5 mm-diameter MA262, Figure 4.11(b). For indentation testing, it
provides a spherical indenter with tip diameters ranging from 0.3 to 5 mm, Figure 4.11(c). Two
factors must be considered when selecting the appropriate indenter tip size: the tip diameter

should be <5x the sample thickness and < 1/5 of the sample width to avoid edge effects.

(a)
b)
/ /
© r9)l S

D=03mm D =0.5mm D=1mm D=2mm D=5mm
(2x) (2x)

Figure 4.11: Biomomentum mechanical tester components: (a) single-axis load cell comprising
a high-capacity load cell for measuring forces up to 250 N (left) and a low-capacity load cell
for measuring forces up to 1.5 N (right); (b) flat compression indenters with diameters of 31.75
mm (left) and 12.5 mm (right); (c) spherical indenters for indentation tests with diameters

ranging from 0.3 to 5 mm. Biomomentum (Laval, Canada).
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4.3.2.3 Choice of Test Tip and Calibration

A spherical indenter tip was used for all indentation tests in this study. As discussed in Chapter
3, a spherical indenter provides a controlled, gradually increasing contact area under the applied
load. Compared with sharp or flat-ended tips, spherical indentation reduces sensitivity to
surface roughness and alignment errors, yields a more accurate stress distribution for soft,
heterogeneous materials, and minimises surface damage during testing. This makes it
particularly suitable for biological tissue and hydrogel phantoms, which exhibit non-linear

behaviour and are sensitive to localised deformation.

Before mechanical testing, the load cell's integrity was verified using the instrument's
calibration function. This was initiated by selecting the Load cell control label. This interface
also allows a low-pass filter to be applied to reduce high-frequency noise in the measured load
signal. During calibration, the system checks the load cell response by measuring its weight,
displaying the corresponding mass, and calculating a calibration factor. The calibration factor
indicates load cell performance and accuracy and is expected to lie within the range 0.95-1.00.
Deviations exceeding +5% from this range may indicate damage or malfunction of the load

cell, in which case testing should not proceed.

4.3.2.4 Measurements

The various soft materials in this study were subjected to displacement-controlled relaxation
tests, each consisting of a single indentation/compression to 10% strain, followed by a series
of indentation/compression cycles at increasing strain levels of 5, 10, 15, and 20%, with
intermediate unloaded dwell times of 30 s to allow baseline recovery after each
indentation/compression, Figure 4.12. An indentation/compression rate of 0.1 mm/s was used
in all experiments. For each strain level, 5 samples were tested, yielding 40 samples per

material.
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Figure 4.12: Mechanical testing of lymph nodes. (a) compression tests with a flat indenter; (b)

nanoindentation test with a spherical indenter.

Before the stress relaxation test, it is essential to establish contact with the sample’s surface
using the “Find Contact” procedure. This allows the stage to move slowly while the probe

stops, determining its exact location until the predefined load or contact criteria are met.

The stress relaxation test is performed by applying a sequence of ramps at amplitude
(displacement) A and velocity V, followed by a plateau during which the position is held
constant for a specified time. The ramp displacement amplitude, A, is the stage's maximum

displacement at the specified strain level, and V denotes the stage's ramp execution speed.

Before stress-relaxation tests, the mean displacement amplitude of PVA hydrogel, pickled
capers, chicken breast, and lymph nodes was measured under an applied strain of 5-20%.
Values are presented as mean + standard deviation to demonstrate measurement repeatability
(Table 4.4, Figure 4.13). A consistent increase in displacement with strain is observed across
all materials. At each strain level, PVA hydrogel and chicken breast exhibit the largest
amplitudes, indicating greater deformability, whereas large pickled capers consistently show
the lowest amplitudes. Lymph nodes display intermediate displacements, particularly at
moderate strain levels. These initial measurements contextualise subsequent stress-relaxation
experiments, ensuring that differences in hyperelastic response can be interpreted relative to

each material's inherent mechanical compliance.
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The complete compression and indentation test plan is set out in Appendix 5.

Table 4.4: Mean displacement amplitude measured for PVA hydrogel, capers, chicken breast,
and lymph nodes at applied strains of 5-20% before stress-relaxation tests. Values are presented

as mean =+ standard deviation.

Strain % PVA Hydrogel Capers Chicken Breast | Lymph Nodes
5 0.44 £0.03 0.28 £ 0.00001 | 0.44 £ 0.00065 | 0.27 +0.07
10 0.93 +£0.0002 0.59 £ 0.0001 1.0+ 0.01 1.09 +0.06
15 1.54+0.001 0.94 +0.05 1.86 +0.09 1.47 +£0.06
20 2.22+£0.01 1.39 £ 0.09 2.70£0.26 2.26 £0.03
3

b
L

(]

—&— PVA Hydrogel
—— Large Pickled Capers

Mean Displacement
amplitude (mm)
(=
en

1 — &~ Chicken Breast
_ Lymph Nodes
0.5
0
0 5 10 15 20 25

Strain %

Figure 4.13: Baseline mean displacement amplitude as a function of applied strain for PVA
hydrogel, capers, chicken breast, and lymph nodes, measured prior to stress-relaxation tests.

Error bars indicate one standard deviation, demonstrating measurement repeatability.
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4.4 Results & Discussion

4.4.1 Stress-Strain Results

To extract and compare the characteristics of the tested samples, the recorded load-

displacement data from compression and nanoindentation were analysed.

The load-displacement data obtained were converted into stress-strain curves according to the
principles of engineering stress, g, which indicates the force per unit of the sample’s cross-
sectional area, Equation (4.4), and the engineering strain, €, refers to the length change, in this

case, the sample height, Equation (4.5):
F
g = a (44)

where o is the engineering stress in N/mm? or MPa, F is the force in N, and A is the cross-

sectional area of the sample in mm?.

Y (4.5)

where € is the engineering strain, AL is the change in length in mm, and L is the original length
of the sample in mm. The calculated stress-strain curves were used for curve fitting in Section

4.42.

The compression and indentation stress-strain curves of various soft materials at 20% strain
are shown in Figure 4.14 and the stress-strain curve data at 15%, 10%, and 5% strain can be

found in Appendices 4.2 — 4.3.
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Figure 4.14: Stress-strain curves for compression and indentation at 20% strain: (a) & (b)

compression and indentation stress-strain curves of PVA hydrogel; (¢) & (d) compression and

indentation of large pickled capers; (e) & (f) compression and indentation stress-strain curves

of chicken breast; and (g) & (h) compression and indentation stress-strain curves of lymph

nodes.
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Table 4.5: Individual standard deviation in MPa at 20% strain for each sample during

compression and indentation testing.

Materials Tests Sample 1 Sample 2 | Sample3 | Sample4 | Sample 5
Compression | 0.000066 0.000069 | 0.000064 | 0.000062 0.000065
PVA Hydrogel
Indentation 0.000015 0.000019 | 0.000012 | 0.000102 0.000018
Large Pickled | Compression | 0.004846 0.004916 | 0.004102 | 0.004154 0.0041107
Capers
Indentation 0.004252 0.004123 | 0.004080 | 0.004162 0.004053
Chicken Breast | Compression | 0.009294 0.0093705 | 0.00993 0.00962 0.00939
Indentation 0.000209 0.000245 | 0.000298 | 0.000188 0.000434
Porcine Lymph | Compression | 0.01458 0.01584 0.01804 0.01087 0.018701
Nodes
Indentation 0.000635 0.000612 | 0.000641 | 0.000668 0.000661
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Table 4.6: Summary statistics for mean stress at 20% strain during compression and
indentation testing. The table also outlines the standard deviation (SD) in MPa, the coefficient

of variation (CV) in %, and the confidence interval (CI) in MPa

Materials Tests Mean (MPa) | SD (MPa) | CV (%) 95% CI (MPa)
Compression | 0.00123 0.0000533 | 4.33 +0.00007
PVA Hydrogel Indentation 0.00033 0.000015 | 4.55 +0.00002
Large  Pickled | Compression | 0.05542 0.00443 7.98 +0.00542
Capers
Indentation 0.04904 0.004134 | 8.43 +0.00164
Chicken Breast Compression | 0.03721 0.009521 | 25.59 +0.01125
Indentation 0.00107 0.000275 | 25.70 +0.00051
Porcine Lymph | Compression | 0.03944 0.015606 | 39.56 +0.02009
Nodes
Indentation 0.00157 0.000643 | 40.95 + (0.00044

The data presented in Figure 4.14 comprise compression and indentation tests conducted on
five independent specimens of each material to evaluate measurement repeatability and inter-
sample variability. Individual standard deviation values at 20% strain are presented in Table
4.5, while the corresponding summary statistics are provided in Table 4.. The stress—strain
curves exhibited nonlinear responses across all materials, consistent with the viscoelastic
behaviour of both synthetic hydrogels and biological soft tissues. Although the overall shape
of the curves was comparable among specimens, quantitative differences in stress magnitude

were evident, particularly for chicken breast and porcine lymph node tissues.

The PVA hydrogel exhibited the greatest mechanical consistency across all materials tested.
Under compression, the mean stress was 0.00123 £+ 0.0000533 MPa (CV = 4.33%), whereas
indentation yielded a mean stress of 0.00033 £+ 0.000015 MPa (CV = 4.55%). The narrow
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confidence intervals and low coefficients of variation indicate excellent repeatability between
specimens, reflecting the uniformity of the hydrogel fabrication process. These values align
with published studies on the mechanical behaviour of highly hydrated, low-crosslink-density
PVA hydrogels, which typically exhibit compressive behaviour at the lower end of the reported
range. For example, unconfined compression testing of PVA hydrogels has shown drained
Young’s modulus values of approximately 0.03—0.9 MPa, depending on water content and
crosslinking density [152]. Indentation-based studies on PVA hydrogels report compressive
stiffness values on the order of tens of kPa to low MPa, with a strong dependence on polymer

concentration and processing method [153].

Large pickled capers also showed high repeatability, with mean compressive and indentation
stresses of 0.05542 + 0.00443 MPa (CV =7.98%) and 0.04904 = 0.004134 MPa (CV =8.43%),
respectively. The low variability indicates that the internal structure of the capers remained

relatively homogeneous across specimens, yielding a highly reproducible mechanical response.

Chicken breast tissue exhibited substantially greater variability than either PVA hydrogel or
pickled capers. The mean compressive stress was 0.03721 + 0.00952 MPa (CV = 25.59%),
whereas indentation yielded a mean stress of 0.00107 £ 0.000275 MPa (CV = 25.70%). This
increased variability is consistent with the anisotropic nature of skeletal muscle, in which fibre
orientation, collagen distribution, and local tissue composition influence the measured
stiffness. Variations in fibre alignment relative to the loading direction are therefore expected
to produce sample-to-sample differences during both compression and indentation testing
[151]. This result aligns with previously reported mechanical characterisation of skeletal
muscle and poultry tissue, which typically show compressive stress responses of approximately

0.01-0.1 MPa [154].

The greatest variability was observed in porcine lymph node tissue during compression, with
a mean stress of 0.03944 = 0.015606 MPa and a coefficient of variation of 39.56%. Indentation
testing showed a mean stress of 0.00157 = 0.000643 MPa with a coefficient of variation of
40.95%. This behaviour is consistent with the heterogeneous microstructure of lymphatic
tissue, which comprises regions of varying cellular density, connective tissue content and
capsule thickness. Consequently, local differences in tissue architecture contribute significantly

to the observed mechanical dispersion.
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Overall, the statistical analysis confirms that variability increases with biological complexity.
The synthetic PVA hydrogel exhibited the most reproducible behaviour, followed by large
pickled capers, whereas chicken breast and porcine lymph node tissues showed progressively
greater variability due to their intrinsic structural heterogeneity. These findings align with
previous biomechanical studies, which report greater dispersion of mechanical properties in

biological tissues than in engineered hydrogel systems [155].

To facilitate constitutive model development, the stress—strain data from the five specimens of
each material were averaged point-by-point to generate representative curves for hyperelastic
model fitting in Abaqus. This approach preserves the characteristic nonlinear mechanical

response while reducing the influence of local structural heterogeneity.

4.4.2 Curve-Fitting

Curve fitting is a process used to determine a material model’s parameters by finding and fitting
a best-fit curve to stress-strain measurements obtained from experimental data, with the results
of the curve fitting expected to follow the test data within the range of interest. As noted in
Chapter 3, there are several hyperelastic models, with the more commonly used in modelling
soft materials including the Mooney-Rivlin model (N=1); reduced polynomial Neo-Hookean
model (N=1); Ogden first- and third-order models (N=1 and N=3); Yeoh model (N=3); and van
der Waals models. In this thesis, hyperelastic models were used to fit the stress-strain curves.
Figure 4.15 compares the experimental data with the fitted responses obtained using the various
hyperelastic models for each soft material. The corresponding fitted material parameters and
their associated standard deviations, derived from 5 samples per material, are summarised in

Table 4.5. The curve fits at 15%, 10%, and 5% strain are provided in Appendix 4.

The inter-sample variability across all materials, observed experimentally, was captured by the
fitted hyperelastic model, as indicated by the standard deviation reported in Figure 4.15 and
Table 4.. Such variability is expected given the heterogeneous nature of soft and biological
materials. Among the models evaluated, the Ogden first-order formulation provided the most
consistent and closest overall agreement with the experimental stress-strain across the full
range for all four materials. While alternative formulations, particularly reduced polynomial,
Neo-Hookean and Aruda-Boyce models, achieved comparable or locally improved fits for

individual materials, their performance was less consistent across the dataset. The aim was not
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to optimise the fit for a single case, but to adopt a constitutive model that reliably captures
nonlinear strain stiffening while remaining numerically stable and comparable across materials.

Therefore, the Ogden first-order model was used to characterise the mechanical properties.

Alongside fitting accuracy, the stability of each hyperelastic formulation is assessed using the
Abaqus stability criterion, which evaluates the stress-strain energy function, incremental
stiffness over the deformation range, and their convexity. The stability analysis showed that the
Ogden first-order, Arruda-Boyce, and reduced-polynomial Neo-Hookean models remained
mechanically stable within the tested strain ranges. However, some higher-order polynomial
models, such as the Ogden third-order, Yeoh, and van der Waals models, exhibited instability
at larger strains, consistent with the non-physical behaviour observed in the stress-strain curve.
Since numerical stability is crucial for reliable finite element analysis, models exhibiting such

behaviour were deemed unsuitable, despite some improvements in curve fitting.

Table 4. Provide a physically meaningful description of the material response. The shear-
related parameter, u, reflects the relative stiffness of each material, while the nonlinear
exponent, C10, AM, a,, governs the degree of strain stiffening. The variation in these
parameters across materials aligns with experimentally observed differences in mechanical

behaviour, and the associated standard deviation quantifies inter-sample variability.

Overall, although alternative hyperelastic models may offer marginally better fits for
individual materials or strain ranges, the Ogden first-order model (N = 1) was selected to
characterise the mechanical properties of all materials examined in this thesis. This decision
was driven by its ability to provide a consistent, physically meaningful, and numerically
stable representation of the nonlinear elastic response across a wide range of soft materials, to
enable meaningful comparisons between samples, and to support reliable use in subsequent

finite element analyses.
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Figure 4.15: Stress-strain curve fitting for various soft materials in Abaqus (Dassault
Systemes, Vélizy-Villacoublay, France). (a) PVA hydrogel, (b) large pickled capers, (¢) chicken
breast, and (d) pig lung lymph node.
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Table 4.7: Curve fitting hyperelastic material constant of PVA hydrogel and large pickled

capers.
PVA Hydrogel Large Pickled Chicken Breast Pig Lung Lymph
Capers Nodes
Model Parameters | Mean | Standard | Mean | Standard | Mean | Standard | Mean Standard
Deviation Deviation Deviation Deviation
Neo - Cio (MPa) 1.42 0.00069 2.71 0.0064 3.622 | 0.0002 3.74e- | 0.00383
Hookean e-04 e-02 e-04 03
Arruda - | u (MPa) 2.84 0.00014 541 0.0078 3.96 0.0004 3.136 0.0095
Boyce e-04 e-02 e-04
Uo (MPa) 0.00014 0.0078 0.0004 3.1753
2.84 5.41 3.96
AM e-04 e-02 e-04
456 725
Ogden | u; (Mpa) 2.88 0.00014 5.24 0.0039 7.74 0.00042 4.875e- | 0.0008
N=1 e-04 e-02 e-04 03
24
11.8 11.7 8.50 6.03

4.5 Summary

The primary aim of this chapter was to contribute to the first objective of this thesis: to establish

a comprehensive mechanical characterisation technique for measuring the nonlinear elastic

properties of lung lymph nodes and to assess their correlation with alternative soft materials,

namely PVA hydrogel, large pickled capers, and chicken breast. This aim was addressed by

applying unconfined compression and nanoindentation tests to both biological tissue and

alternative materials.
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The main findings of this chapter show that the proposed mechanical characterisation method
is suitable for analysing the low-stiffness, nonlinear elastic behaviour of lymph nodes within
physiologically relevant strain ranges. Displacement-controlled relaxation testing yielded
consistent, repeatable load-displacement responses, and reliable surface detection was
achieved across all materials. Preliminary testing of PVA hydrogel, large pickled capers, and
chicken breast enabled standardisation of the experimental protocol, sample preparation, and
probe selection, thereby reducing uncertainty and minimising waste of fresh porcine lung

lymph node tissue.

The suitability of the experimental methodology was further validated by identifying and
assessing key sources of variability in nanoindentation and unconfined-compression testing of
soft materials. The results showed that variability arises from multiple factors, including
acquisition methodology, the inherent heterogeneity of the materials, and probe-sample
interactions. Specifically, location-dependent stress variations, assumptions of isotropic
behaviour, and the use of nearly incompressible Poisson’s ratio values (0.495 — 0.50) were
recognised as potential sources of uncertainty. Although these assumptions have limitations,
their identification offers important insights into the interpretation of the extracted material

parameters and guides the design of future experimental and modelling work within this thesis.

Regarding the objective of identifying correlations between lung lymph nodes and alternative
soft materials, the results were mixed. PVA hydrogel and chicken breast exhibited stress-strain
responses that closely matched those of soft biological tissues and aligned with previously
published data, supporting their use as reference materials for method development. In contrast,
large pickled capers exhibited significantly higher compression and indentation stresses, as
well as elevated Ogden hyperelastic material constants, which were attributed to their distinct
internal structure and material consistency. Consequently, large pickled capers are not
considered suitable mechanical or geometric mimics of lung lymph nodes. Although a clear
correlation between lung lymph nodes and the remaining soft materials was not established,
the results do not exclude such correlations, indicating that further refinement and investigation

are required.

Hyperelastic modelling of the nonlinear stress-strain behaviour of the tested materials yielded
the best overall fit. Among the models considered, the Ogden first-order (N=1) hyperelastic

formulation provided the closest match to the experimental stress-strain data, capturing the
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non-linear response of the soft materials across the applied strain range. This outcome supports
the use of Ogden-based material formulations to represent lung lymph node mechanics in
computational models, thereby enabling subsequent objectives of the thesis related to needle-
tissue interaction, deformation, and needle deflection. While the modelling approach was
effective, its reliance on simplifying assumptions is a limitation that should be addressed in

future work.

Overall, this chapter successfully achieved the first aim of the thesis by establishing a
reproducible method for the mechanical characterisation of lung lymph nodes and by critically
evaluating the suitability of alternative soft materials. Key achievements include standardising
protocols, identifying unsuitable surrogate materials, and extracting validated hyperelastic
parameters. Limitations remain due to material heterogeneity, modelling assumptions, and the
exclusive use of healthy porcine lung lymph nodes, which may not fully represent pathological
tissues. Nevertheless, the findings of this chapter provide a solid mechanical foundation for
developing theoretical and finite-element models of needle insertion, which are further

explored in subsequent chapters to address the remaining aims of this thesis.
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5.1 Introduction

Building on the continuum mechanics framework introduced in Chapter 3, Section 3.5, this
chapter focuses on the numerical modelling of needle-tissue interaction. Because the governing
equations for soft-tissue deformation and needle insertion involve complex material behaviour,
geometries, and boundary conditions, as well as large deformations and evolving damage,
analytical solutions are generally not feasible. Therefore, numerical techniques are necessary

to obtain physically meaningful solutions under realistic conditions.

Finite element analysis (FEA) provides a practical means of discretising continuum
formulations and solving the resulting systems of equations. This chapter first reviews
numerical techniques well suited to modelling needle-tissue interaction, with particular
attention to the choice of element formulations and solution schemes for large-deformation and
contact problems. A comparison of implicit and explicit finite element solvers is then presented
to highlight their respective advantages and limitations for highly nonlinear interaction
problems. Existing finite element models reported in the literature are subsequently reviewed,
covering both invasive and non-invasive needle-tissue interactions. Finally, the fundamental
principles of the Coupled Eulerian-Lagrangian (CEL) techniques are introduced, along with

their application to modelling tissue damage.
5.2 Finite Element Analysis Software Packages

FEA is a numerical method used to analyse physical and engineering problems. It can be used
to analyse material properties and building structures, as well as to apply loads and constraints
in situations where actual outcomes would not be possible [156]. FEA is commonly used in
engineering fields, such as aerospace, civil, and mechanical engineering, and can perform

static, dynamic, and nonlinear analyses.

A finite element is an element that forms part of a whole structure. For instance, a 3D object
can be divided into smaller elements, each with a number of nodal points (nodes), depending
on its complexity [158]. In FEA, the general procedure is typically divided into three main
sections: preprocessing, solution, and postprocessing. The preprocessing section encompasses
tasks such as geometry creation, material selection, boundary condition definition, and mesh

generation and modification. It also involves applying additional parameters such as frequency,
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surface roughness, and interaction. The solution section presents an algorithm for solving for
an unknown number of variables in the primary field. Finally, the postprocessing section
includes routines for plotting graphs and presenting results. Various software packages are used
for FEA, and the most widely used for simulating mechanical needle-tissue interaction models

is from Dassault Systémes (Vélizy-Villacoublay, France).

5.2.1 Finite Element Analysis Using Abaqus

Abaqus Computer-Aided Engineering (CAE), developed by Dassault Systémes, is a powerful
finite element software package widely used for engineering simulations, including stress
analysis, structural behaviour under various loading conditions, design optimisation, and static
and dynamic analyses. It uses the finite element method (FEM) to address both simple linear

and complex nonlinear problems.

Abaqus is particularly known for its reliable nonlinear solver, which can handle large
deformations, material nonlinearity, and complex contact interactions. It also supports studies
of needle-tissue interaction, dynamics, heat transfer, structural damage, fracture, and failure.
The software supports both structured and unstructured meshing, including tetrahedral,
hexahedral, and shell elements, and offers advanced meshing techniques such as partitioning
and swept meshing to produce high-quality meshes for complex geometries. Moreover, Abaqus
provides greater control over meshing parameters, enabling more precise, customised mesh

options to meet specific analysis requirements.

Abaqus offers both implicit (standard) and explicit solvers. The standard implicit solver is
suitable for static analyses and low-speed dynamic events, where precise stress results are
critical. The explicit solver is optimised for non-linear systems with complex transient load
interactions [157]. Overall, Abaqus is particularly well-suited for non-linear analysis, fracture
mechanics, and simulations involving time-dependent phenomena, element failure, wave

impacts, or soft tissue modelling [158].

5.3 Numerical and Mathematical Finite Element Methods

FEM is an example of an approximate procedure that involves discretising a structure or system

to determine its overall response to loading. It accounts for the behaviour of the nodes within
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the structure during assembly [161]. Several such methods of analysis have been developed
over time and have expanded and diversified for use in various engineering and scientific
studies [162]. The evolution of cheaper, faster computers has led to an increased emphasis on
programming methods. Discrete element methods now provide a viable alternative to analytical
methods, which can be expensive and time-consuming. The most commonly used discrete
element methods are the mass-spring-damper (MSD) system, the finite element method (FEM),
and the boundary element method (BEM). Among these methods, SMD and FEM are

frequently used in soft tissue analysis [163].
5.3.1 Mass-Spring-Damping System

A mass-spring-damper system (MSD) is a simplified discrete mechanical model used to
approximate the dynamic behaviour of deformable bodies. It combines fundamental principles
from continuum mechanics and classical dynamics. The system consists of a collection of point
masses connected by springs and dampers, as illustrated in Figure 5.1 [159]. This modelling
approach decomposes complex geometries into interacting particles linked by elastic and
dissipative elements. The system’s internal energy is stored in the springs, while energy
dissipation is introduced through damping terms. The MSD framework was first introduced by
Miller in 1988 [160] and has since been widely applied in areas such as surgical simulation and

needle—tissue interaction modelling.

mrmpt

Figure 5.1: A portion of an MSD showing the forces exerted by a spring with stiffness,

k, between masses, m, and damping effects, ¢, opposing relative motion [159].
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A classical MSD model can be used to simulate the elastic behaviour of soft materials. The first
step is to discretise the material into a set of particles, p;, each with mass, m;, connected by
springs characterised by stiffness, k, and rest length, [,. Deformation of the structure is then

governed by the elongation of these springs.
The current spring length is expressed as:
Il=1l+6 (5.1

where § is the spring extension. The strain energy stored in a single spring is given by:
1
Wspring(6) = Ek(l - lO)Z (5.2)

The corresponding restoring force is obtained by differentiating the energy with respect to the
deformation:

W spring(6)
Fspring(‘” == % =—k(l—1p) = —ké (5:3)
To incorporate energy dissipation, a damping term d is introduced between connected particles
pi and p;. The total force acting on particle, i, due to its connection with particle, j, becomes

[161]:
where v; and vj are the velocities of particles p; and pj, respectively.

The MSD model offers high computational efficiency and ease of implementation, making it
suitable for real-time simulation. However, its accuracy and stability are strongly dependent on
the spatial discretisation and the numerical integration scheme used to solve the governing
equations. In particular, the choice of damping coefficient and time step size significantly
influences system stability; inappropriate parameter selection may lead to numerical instability

or non-physical oscillations [162].
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5.3.2 Finite Element Method

A mathematical model can be constructed by making assumptions about specific physical
phenomena and the laws of physics that govern their behaviour. It can be characterised by
complex integral or differential equations. However, due to the complexity of the boundary
conditions and the geometries of real-life problems, it is not possible to solve these equations
analytically [167]. Before the advent of numerical methods, the only practical approach to
solving these problems was to simplify them. However, this did not always produce an accurate
solution. Nowadays, problems are solved with numerical methods. With the help of suitable
mathematical and numerical models, computers can now solve many practical engineering
problems. A numerical method is usually used to transform the differential equations of a
continuum into a set of algebraic equations. The FEM is a widely used numerical method for

solving many differential equations, including those arising in continuum mechanics [168].

The FEM is commonly used to solve problems with complex geometries, boundary conditions,
and material types. It can also be used to demonstrate a more accurate method for solving
continuum mechanics problems [163]. One significant difference between the MSS and FEM
methods is that the MSS method accounts for energy function minimisation at the mesh nodes
and the resulting equilibrium, whereas the FEM method divides the object into multiple
elements. The concept of FEM involves dividing a structure into small elements. The set of
these elements then produces a mesh that approximates the problem geometry. The complexity
of a given engineering problem can be partly attributed to the complexity of its geometry, which
makes it hard to produce an acceptable global solution. However, by subdividing the problem’s
domain into small elements, it becomes easier to come up with a solution [164]. The unknown
variables of each finite element are approximated using known functions. These functions can
be linear or higher-order polynomial expressions that depend on the geometrical nodes used to
define the shape of each finite element. The integration of the governing equations of each
finite element into a single solution is performed using linear algebra techniques. The resulting

solution is then obtained by summing the solutions of the various elements.

5.3.3 Boundary Element Method

The boundary element method (BEM), also known as the boundary integral equation method

(BIEM), is widely used in engineering to solve problems involving differential equations. The
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BEM is a suitable alternative to other numerical methods for solving complex physical
problems and integral boundary-value problems. In addition to actuators and electrical
equipment, the BEM can be applied to other electromagnetic problems, such as antennas,
waveguides, and wires. The BEM process involves discretisation only on the body surface,
thereby simplifying the computational process and problem-solving. The BEM is a versatile
numerical method for generating a surface mesh using discontinuous elements. It can also

provide accurate solutions for structures using boundary elements [165].

An advantage of the BEM is its relative ease and flexibility in handling singularities and infinite
boundaries. Secondly, data preparation is relatively simple. Thirdly, the BEM simplifies mesh
generation for 3D problems and can be combined with analytical and numerical methods, such
as FEM. Moreover, the BEM is regarded as an efficient technique for solving various
homogeneous, linear-elastic problems. However, it is not suitable for solving complex

elastoplastic problems due to the difficulty of finding appropriate governing equations [166].

To clearly differentiate between the numerical methods reviewed in the literature and the
modelling approach adopted in this thesis. Table 5.1 summarises the numerical models
considered, highlighting the configuration of the finite element model used for needle-insertion

simulations, as described in detail in Chapter 7.

While mass-spring systems and boundary element methods have been widely applied to soft
tissue, their use is generally limited to simplified geometries, linear material behaviour, or
boundary-only formulations. FEM was selected over MSS and BEM for modelling the
behaviour of soft materials. Finite element modelling of needle insertion into soft tissue has
been widely reported in the literature, with many studies focusing on simplified material
behaviour and boundary conditions. In contrast, the FEM framework developed in this thesis
introduces a detailed three-dimensional model of needle-tissue interaction implemented in
Abaqus, explicitly accounting for nonlinear soft-tissue behaviour, realistic contact and friction,

and progressive tissue-penetration mechanisms.

The novelty of this work lies not in the use of FEM but in the model's specific configuration
and parametrisation, which are designed to match experimental conditions, replicate clinical

insertion mechanics, and capture the force-displacement behaviour.
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Table 5.1: Comparison of numerical models

Aspect MSS Method BEM Method FEM Method
Model purpose | Soft tissue Boundary-value | Soft tissue mechanical
deformation problems response
(simplified)
Governing Lumped mass-spring | Boundary Continuum mechanics
equations equations integral PDEs
equations
Material Linear elastic Linear elastic Nonlinear, non-
behaviour homogeneous
Domain Particles + springs Boundary only Full volumetric mesh
discretisation
Element type — Boundary tetrahedral/hexahedral
elements
Constitutive Linear elastic springs | Linear elasticity | Hyperelastic/viscoelastic
model
Damping Explicit (d) Implicit Rayleigh / material-based
Boundary Prescribed node Boundary-only Experimentally informed
conditions constraints BCs
Solver Explicit time Integral solver Implicit nonlinear FEM
integration solver
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5.4 Types of Solvers in Abaqus

FEM is a widely used numerical method for solving problems across engineering disciplines.
The goal of this practice is to derive equations that approximate unknown values by
decomposing the problem into simpler subproblems. In the process, these sub-problems,

referred to as finite elements, require either implicit or explicit analysis [167].

Implicit and explicit FEM are used to simulate dynamic linear and nonlinear problems. A
comparison of implicit and explicit methods in Abaqus for nonlinear problems has been
reported by ReBelo et al [168]. In all non-static and nonlinear analyses, incremental load or
displacement steps are required. This suggests that solving a mathematical problem requires
decomposing both the physics and the temporal relationships. To do this, time-dependent and
time-independent problems need to be formulated, which are solved by implicit and explicit
solvers, respectively [167]. A problem is time-dependent when the effects of acceleration
cannot be ignored. For instance, in a drop test, the peak force occurs within the first few
milliseconds as the object decelerates. This force must be accounted for to determine the overall
effect of the deceleration. Conversely, when a load is applied slowly to a surface or structure,
the response can be considered quasi-static or time-independent. This is because the loading

time is insufficient for the acceleration effects to be significant.

Various explicit and implicit problems are formulated as partial differential equations (PDEs).
Although computers cannot solve PDEs directly, they can solve matrix equations. These matrix
equations can be either linear or nonlinear. In most structural problems, nonlinear equations
can be classified into three categories. The first category comprises material nonlinearity,
characterised by large deformations and strains. Secondly, geometric nonlinearity is
characterised by small strains but large rotations and is usually observed in thin structures.
Finally, boundary nonlinearity arises from nonlinear boundary conditions, which are

commonly observed in contact problems.
5.4.1 Implicit Solver

The standard or implicit Abaqus solver is commonly used to solve problems involving both
linear and nonlinear static conditions. It applies an incremental method to solve the equations

of motion, efficiently addressing small-to-moderate material nonlinearity and deformation.

118



Chapter 5: Analytical Methodology

Nonlinear problems involving geometry, material properties, boundary, and contact conditions
can be analysed by performing a series of trial solutions to establish static equilibrium within
a specified tolerance for displacement and loading [175]. Each step requires iteration, and the
solution from the previous step is used to determine the current iteration. Implicit solvers can
also generate reaction forces, displacements, and stress and strain fields. However, they are not
suitable for handling large deformations and dynamic loading, as these require multiple
iterations to converge, which can be time-consuming, costly, and, on occasion, impossible. In
these cases, more advanced methods are required to find a feasible solution. The standard
Abaqus solver uses an implicit integration method to solve the equations of motion for a given
problem. The equations of motion may include dynamic or static equilibrium equations, or a

combination of both [173].

The Abaqus implicit solver derives the motion equation as a matrix equation of the form:

[K]{x} ={F} (5.4)

where the stiffness matrix is denoted by [K], the displacement vector by {x}, and the nodal
force vector by {F}. [K] is composed of the element’s boundary conditions and stiffness

matrices, and {F} is derived from the external load and the boundary conditions.

One method for determining the unknown displacement vector {x} is matrix inversion or an
implicit time-stepping algorithm. The algorithm aims to make an initial estimate of the
displacement vector and then iteratively solve for it using the Newton-Raphson scheme until

convergence [169].

Implicit FEA solvers are best suited to problems involving slow loading, well-defined
boundaries, and manageable nonlinearity. They use implicit integration, which is stable. This
stability allows the time step size to be chosen independently of the problem's stiffness and
size. On the other hand, for problems beyond this scope, particularly those that are significantly

more complex, an explicit method might be more effective [170].
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5.4.2 Explicit Solver

The use of an explicit solver can directly address acceleration issues in complex problems
arising from dynamic or time-dependent effects. Explicit FEA is often used to handle high-
speed events, such as impacts and crashes [171]. It is a time-based solver suited to solving the
equation of motion at every stage of a problem, which makes it computationally demanding
but accurate for addressing complex issues such as large deformations, contact, and material
nonlinearities. An explicit solver is capable of tackling complicated boundary and geometric
problems and can output data on the strain rate, deformation, and the model’s overall stress
state [172]. Unlike the standard implicit solver, the explicit solver uses a time-integration
method to solve the equations of a given problem. The Abaqus explicit solver can generate the

motion equation in a matrix equation of the form [167]:

[M]{a}+[C]{vi+[K]{u} = {f} (5.5)

where [M], [C], and [K] are the mass, damping, and stiffness matrices of the elements; {a},
{u}, and {v} are the acceleration, velocity, and nodal displacement; and {f} is the nodal force

vector, which accounts for contributions from external forces and boundary conditions [167].

The integration scheme used by the Abaqus explicit solver is based on a second-order method
that accurately approximates central differences over the time steps and takes the following

form [170]:

{up{t + A0) = {uh() + At {vi{t} = (At?/2) {a} (1) (5.6)

{v}{t+At) ={v}(t) + (At/2){a}(t) + {a}(t+At) (5.7)

Where {u}(t+At) and {v}(t+At), respectively, are the nodal displacement and velocity vectors
at time t+At. The nodal acceleration vectors {a}(t) and {a}( t+At), respectively, at times t and
t+At, are obtained by solving the equation of motion using the nodal displacement and velocity

vectors [170].
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5.4.3 Comparison between Implicit and Explicit Solvers

There are similarities between implicit and explicit solvers, as both account for multiple time
points when calculating the model’s new state. However, with the explicit solver, the new state
can be computed directly from the current state, whereas with the implicit solver, both the

nonlinear solution algorithm and the equations are required to obtain the solution.

In implicit FEA, equilibrium must be achieved before proceeding to the next incremental step.
It is suitable for evaluating relatively slow-motion or quasi-static events, provided the system
is well-restrained and stable. Moreover, standard/implicit FEA solvers can be used when there
is no need to account for high-speed phenomena, such as stress-wave propagation and shock

loading, within the system.

Explicit FEA is most suitable for systems that undergo rapid loading events, such as ballistic
strikes. It can also be used when the system exhibits high nonlinearity or undergoes free-body
motion. Additionally, an explicit FEA solver should be used when the development of stress
waves and shock loads, and the transmission of loads through the system, need to be

understood.

5.5 Needle-Tissue Interaction Models

Over the years, heightened interest in the diagnosis and treatment of diseases has led to an
increasing number of needles used in medical applications. Their widespread use in a range of
medical procedures, including blood sampling, neurosurgery, brachytherapy for cancer, and
biopsy, has had a considerable impact on improving efficiency across different stages of

diagnosis and treatment [180-181].

Hypodermic needles are most commonly used for drug delivery and blood sampling. Although
generally safe, they can cause local tissue trauma and, if improperly placed, carry a risk of
vascular or nerve injury. Rare events, such as needle breakage and embedding, have been
documented, particularly during difficult punctures or repeated attempts [181]. Biopsy needles,
including fine-needle aspiration and core biopsy, are used to obtain tissue samples from organs
such as the breast, liver, and prostate. Misplacement or incorrect depth can result in bleeding,

haematoma, injury to adjacent structures, or nondiagnostic sampling [182]. Brachytherapy
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needles, used for precise delivery of radiation in cancer treatment, require accurate positioning,
as misplacement can damage surrounding healthy tissue, reduce therapeutic efficacy, or expose
non-target organs to radiation [ 183]. These examples illustrate the wide range of medical needle
applications and show that the risk of tissue damage or misplacement depends strongly on
needle type, anatomical target, procedural complexity, and the use of guidance techniques such

as imaging.

The accuracy of cutting tissue with medical tools is affected by several factors, including the
mechanical properties of the tissue, the tool material and design, and the operational
mechanism [175]. This is why numerical simulation is important: modelling needle-tissue
interactions helps develop new medical devices. FEA is highly effective at simulating injuries
and damage in both human and animal tissues [186-187]. Studies of needle-tissue interactions
have focused on a range of biological tissues, with the most common being muscle, brain, liver,
and fat [188-189]. Needle-tissue interactions are typically classified into two categories,
namely: non-invasive and invasive models. The first category considers needle or tissue
deformation before puncture or damage occurs, whereas the second category employs a failure

mechanism that allows the needle or any type of cutter to be inserted into the tissue.

5.5.1 Non-Invasive Finite Element Models

The earliest known models of needle-tissue interaction assume no crack propagation within the
tissue, implying that the needle cannot penetrate it. Although some studies claim to present
models that describe the penetration process, they do not provide a damage mechanism for the
cutting process. These models are considered non-invasive. In these models, the needle is
embedded in the tissue and cannot cause further damage. One of the main reasons for the
popularity of these models is their ability to analyse tissue deformation without cutting. This
provides valuable information on needle-tissue interaction, including predictions of
deformation under indentation and identification of the needle reaction force before and after

tissue puncture.

For example, Aoyagi et al. [190] used FM to study stress concentrations at the tips of
microneedles with varying shapes, angles, and widths in the skin. The FE models employed
both two- and three-dimensional representations to generate realistic, jagged, sharp

microneedles that mimic a mosquito's proboscis. No failure criterion was used in the models;
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instead, the microneedle was embedded in the tissue from the outset. The simulations were
conducted under load control, applying a constant force along the needle's centreline to
determine the stress distribution in the tissue. The needle was made of polylactic acid (PLA),
and the tissue was modelled as silicone rubber with linear-elastic properties. The stress
distribution within the tissue is shown in Figure 5.2, which illustrates the effects of microneedle
insertion under varying loading and geometric conditions. The study found that thinner, sharper

microneedles produce higher tissue stress, facilitating penetration.

The use of non-invasive FE models in the study of needle-tissue interaction can yield valuable
insights into soft-tissue deformation behaviour and stress-strain characteristics. Compared with
invasive models, non-invasive models are typically easier to use, enabling the study of diverse
biological tissues with complex mechanical and geometric characteristics. In most cases, it is
possible to incorporate viscoelastic and hyperelastic properties into tissue in non-invasive
models, making them more efficient and less prone to divergence than more complex models
that include damage mechanisms. Although these models can provide insight into factors
affecting needle penetration, they are not suitable for all procedures, particularly those
involving crack propagation. Moreover, they cannot be used in medical analyses that require a
needle to penetrate tissue to a specified depth. For this reason, non-invasive FE modelling plays

its most important role in studies related to the interaction between tissue and needle [180].

(a)

Stress [MPa]

Width: 90 um 120 um 150 um 230 um

(b)

Stress [MPa]

Figure 5.2: Non-invasive FE model of microneedles embedded in silicone rubber artificial skin

tissue, without any damage mechanism, showing the stress distribution within the skin tissue.
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(a) showing the effect of tip angle, (b) showing the effects of width, and (c) showing the effect
of different microneedle shapes on the stress distribution [195]. Copyright 2023 by The
Author(s) under exclusive licence to International Centre for Numerical Methods in

Engineering (CIMNE).

5.5.2 Invasive Finite-Element Models

Although non-invasive models of needle-tissue interaction can provide valuable information,
most medical procedures require tissue puncture and the propagation of damage. As a result,
numerous groups have conducted FEA studies to model the effects of various damage
mechanisms during needle insertion into soft tissues. Invasive models can be classified into
five methods: nodal separation, element deletion/failure, cohesive zone, arbitrary-Lagrangian-

Eulerian (ALE), and coupled Eulerian-Lagrangian (CEL).

Separation Models

Several studies have predicted damage mechanisms using algorithms that account for the
displacement of nodes near the cutting zone, which underpins nodal separation models.
Although the models incorporate damage, failure mechanisms have not been established for all
elements, including the cutting region. Instead, the cutting force is calculated by accounting for

factors such as the local effective modulus (LEM) and fracture toughness [180].

Gokgol et al. [190] conducted several experiments to test custom-made needles for penetrating
bovine livers and subsequently developed an FE model based on their findings. They used a
hyper-viscoelastic model to describe the mechanical properties of bovine liver. The mechanical
properties were obtained from static indentation and ramp-and-hold experiments. An energy-
based approach was used to model crack propagation within the tissue. The analysis was carried
out using a simplified two-dimensional FE model that modelled only the region around the
needle insertion point. The model was considered asymmetric with respect to the insertion-axis
geometry and solution. The model shown in Figure 5.3(a) includes the two types of needles
used: the cylindrical probe with a round tip (left) and the sharp-tip needle (right). The hyper-
elastic properties of the tissue were defined by a five-term Mooney Rivlin strain energy
function, whereas the generalised Maxwell solid model defined the viscoelastic properties. The

separation of nodes at the needle tip was determined by comparing the fracture work during
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insertion with the viscoelastic work. The fracture work was obtained by multiplying the crack
area by its tissue fracture toughness, and the viscoelastic work was computed as the difference
between the total work and the fracture work. The contact between the tissue and the needle
was defined through a trial-and-error procedure that used parameters such as the coefficient of
friction, the penetration tolerance factor, and the normal penalty stiffness factor. The
distribution of von Mises stress levels around the needle and tissue is shown in Figure 5.3(b).
Although both instances exhibited the same maximum stress, the stress in the tissue when the

round-tip probe was inserted was higher than when the sharp needle was inserted.

The nodal-separation FE model has a lower computational cost than other invasive models. It
does not include predefined failure mechanisms. Nonetheless, such a model typically requires
several iterations to investigate and understand the needle-insertion process and trajectory.
Nodal separation models generally combine the advantages and disadvantages of more
complex invasive techniques with those of simpler non-invasive ones. Compared with other
models, the computational cost of nodal separation models is higher than that of non-invasive

methods but lower than that of invasive methods.
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Figure 5.3: Nodal separation method used in an FE model of needle insertion into bovine liver.
(a) mesh and geometry of the cylindrical probe with a round tip (left) and the needle with a
sharp tip (right), (b) deformation of the bovine liver for the cylindrical probe (left) and the
needle with a sharp tip (right) [181]. Copyright 2011 IPEM. Published by Elsevier Ltd.
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Element Deletion/Failure Models

Invasive models require an algorithm to replicate the cutting process and maintain contact
between the tissue and the needle. Among the prevalent methods used in FE models to simulate
invasive approaches are element deletion and element failure. These methods each use a
damage model based on parameters such as the shear strain threshold, ultimate strength, and
stress failure to enable tissue cutting. Unlike the nodal separation technique, this approach
applies damage mechanisms directly within the tissue’s elements. The damage model is defined
either across the tissue’s whole domain or in a cutting zone, where the needle comes into

contact with the tissue [180].

Jiang et al. [191] developed an FE model to visualise the factors that affect force, stress, and
strain in the skin during hollow-needle insertion. The FE model focused on the tip angle,
diameter, and insertion speed. For the study, the needle was assumed to be rigid, and the tissue's
mechanical properties were set to match those of medical silicone, which has been shown to
resemble human skin [192]. Figure 5.4(a) depicts the needle’s insertion into a cylindrical
structure, representing the skin’s model configuration. The simulation was carried out in 40
iterative steps using the full Newton-Raphson method and modelled both the insertion and the
extraction of the needle. Figure 5.4(b) shows the maximum strain distributions and von Mises
stress levels during the various stages of the procedure, including insertion, maximum depth,
and extraction. The maximum stress and strain were observed near the needle tip throughout
the procedure. Stress and strain initially increased upon needle insertion, continued to increase

with increasing puncture depth, and then decreased rapidly upon needle withdrawal.

127



Chapter 5: Analytical Methodology

1 MPa stress on the
bottom surface of needle

(a)

Friction coefficient
u=0.7

Silicone
(E =2.2 MPa, v=045)

S, Mises
(MPa)
(Avg: 75%)
3. 800E+03
o 3A85E+03
T 3.167E+03
2.850E+03
2.533E+03
2.217E+03
1.900E+03
1.583E+403
1.267E+03
9.500E+02
6.334E+02
3.16TE+02
0.000E+00

(b)

Stress
(MPa)

E, Max. Principal
(Avg: 75%)

1.600E+01
1.438E+01
1.317E+01
1.175E+01
1.033E+01
1 8.917E+00
7.500E+00
6.083E+00
4.667E+00
3.250E+00
1.833E+00
4.167E -01
-1.000E-09

Strain

(-)

d=0.5mm d=2mm d=4 mm d=2mm d=1mm

Figure 5.4: FE modelling of needle insertion into a limited area of skin tissue using the element
deletion/failure method. (a) 3D mesh geometry and configuration, and (b) strain and stress in
MPa fields in the skin during different stages of needle insertion and extraction [182].

Copyright 2016, the Authors. Published by Atlantis Press.
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In reality, when tissue is cut, no part is removed or completely reduced in size. However, in
element deletion/failure modelling, some tissue elements deteriorate and are removed during
the simulation. Despite various factors that can affect the simulation, these models still provide
a more realistic and valid representation of the tissue’s crack propagation process. For instance,
they can incorporate a crack-propagation mechanism that is similar to that observed in vitro,
since the small elements in the vicinity of the crack do not affect the simulation’s overall
quality. Element deletion/failure models are strongly dependent on the mesh size around the
crack front; therefore, a mesh study is necessary to ensure that the effects of element size on
the final results are minimal. One of the main advantages of these models is that they can be
applied to various tissue types and used to develop damage mechanisms specific to each model
element. In addition, they provide a wide range of options for selecting the appropriate damage

mechanism for a given tissue and for implementing FE packages for needle insertion.
Cohesive Zone Method

The cohesive zone model (CZM) is widely used to represent failure mechanisms in crack-
propagation simulations. It allows the creation of realistic crack surfaces [183], [184]. The
CZM can be defined by utilising the traction-separation law (TSL) [185], which links
separation and the traction vector in the longitudinal direction. In the literature, all the models
that utilise the CZM technique for needle insertion into tissue use a bilinear TSL, Figure 5.5(a),
to relate the strain, &, and the cohesive traction, t. The cohesive traction tends to increase
linearly with increasing distance between the two cohesive surfaces until it reaches a critical
failure traction, tc, at which damage initiates. Following this phase, increasing the distance
between the two cohesive surfaces linearly decreases the cohesive traction, tc, until the surfaces

separate.

Using the definition of the constitutive thickness parameter (T¢), the linking strain and

separation distance, &, are related as [186]:

61’15
Ens = T_c (5.7)

where the n and s indices denote the normal and shear directions, respectively. When T is set
to unity, the initial traction corresponds to the separation/traction arising from the initial

thickness of K, as follows [186]:
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t = Kpenen + Kyeges = K6, + Kibseg (5.8)

Oldfield et al. [196] used a zero-thickness cohesive component to create a two-dimensional
model of needle insertion into soft tissue, enabling crack propagation. A bilinear TSL was used
to define the cohesive zone within the model. A two-dimensional tissue deformation model was
proposed to study the deformation process during needle insertion, analogous to the strain
energy component, whereas a more complex three-dimensional strain model was introduced to
investigate the entire process, including the energy components. The needle was modelled as a
rigid body with a node reference, whereas the gelatine block was modelled as an elastic
material. The gelatine block was meshed using three-node plane strain elements, and the
cohesive zone was meshed with four plane strain elements. The mesh configuration of the
proposed model is shown in Figure 5.5(b). The interaction between the needle and the gelatine
block was modelled using the penalty contact algorithm, which considers either frictional or
frictionless contact based on the Coulomb friction law. Figure 5.5(c) illustrates the spatial
distribution of stresses within the tissue’s cohesive zone and the surrounding area prior to the
failure of the first cohesive elements. The material will begin to deform during this phase of
insertion, which may necessitate adaptive meshing strategies, particularly when frictional

forces are present.
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Figure 5.5: A detailed FE model of needle insertion into a gelatine phantom using a cohesive

zone model (CZM). (a) bilinear traction-separation law, which is based on the strain,&,and the

130



Chapter 5: Analytical Methodology

cohesive traction, t; (b) 2D model of the needle and tissue showing the mesh configuration,
with the gelatine meshed using three-node plane strain elements; (c) stress and element
distortion experienced by the first cohesive element before it failed during the insertion of the

needle into the gelatine [186]. Copyright 2012 by Taylor & Francis.

CZM is an ideal tool for accurately depicting the cutting process in soft tissues, as it can
generate realistic crack paths and accommodate the large deformations that commonly occur
in these tissues. However, cohesive elements should be integrated into continuum elements to
simulate needle insertion. The challenging aspects of this method are identifying the direction
of crack propagation and implementing an appropriate mesh. To address this issue, the current
solution employs an iterative algorithm, which complicates simulations. Incorporating such an
algorithm into a three-dimensional model can be challenging due to the high computational
cost and the need for numerous iterations. In certain cases, where the needle insertion and crack

propagation are predictable and straight, CZM can be considered an efficient option.

Arbitrary Lagrangian-Eulerian Method

The various modelling techniques presented thus far employ a Lagrangian formulation, the
earliest known and most widely used method for simulating cutting procedures such as needle
insertion into soft tissues. However, due to large material deformations, elements can become
distorted, leading to convergence problems and inaccurate predictions. Remeshing is an
intuitive technique for compensating for element distortion in a mesh. If the mesh is distorted,
a new mesh is created, and the solution from the lightly distorted mesh is mapped to the new
one [187]. Generally, in a remeshing algorithm, each new mesh generation results in distinct
changes to the mesh topology. The Arbitrary Lagrangian-Eulerian (ALE) formulation is a type
of remeshing algorithm that involves creating the mesh through a simulation procedure that
uses mesh smoothing techniques [188], [189]. In the analysis of continuum fracture models
with large deformations, the ALE formulation is regarded as an efficient and powerful

alternative to Lagrangian formulations [190].

As an example, Yamaguchi et al [191] presented a three-dimensional FEA of inserting copper-
based needles into agar gel using the ALE technique. The FEA was implemented in Ansys LS-
Dyna. The agar gel and the needle were discretised using hexahedral solid and rectangular shell

elements and modelled with isotropic elastic-plastic and linear-elastic mechanical properties,
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respectively (Figure .6(a). The analysis was performed for different needle tip angles, e.g. 30°,
45°, and 60°. The results indicated a significant increase in the maximum shear stress with
increasing tip angle. The shear stress distribution and needle deflection during the different
phases of the insertion procedure for the 30° tip angle are shown in Figure .6(b). In all
investigations and at every stage of the procedure, the maximum shear stress occurred in the

area surrounding the needle tip.
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Figure 5.6: Detailed FE modelling of needle insertion into an agar gel phantom mimicking
soft tissue, performed using the ALE. (a) Needle-tissue assembly and mesh configuration with
the needle and tissue meshed using rectangular shell and hexahedral solid elements,
respectively; (b) Shear stress and deflection of a 30° tip angle needle at different insertion

depths [191]. Copyright 2014 by Elsevier Ltd.

The ALE method is well-suited to studying the deformation behaviour of needles during
insertion into soft materials. It can also be used in path planning and optimisation studies. In
addition to modelling large deformations of tissues and needles during insertion, the ALE
technique enables efficient three-dimensional configuration modelling. This is a significant

advantage over other models that rely solely on failure mechanics. Unfortunately, the
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effectiveness of the ALE technique in generating complex tissue models, such as multi-layer
tissues or tissues with visco-hyperelastic constitutive models, and in producing needles with

jagged and harpoon-shaped structures has not yet been evaluated.

Coupled Eulerian-Lagrangian Method

The coupled Eulerian-Lagrangian (CEL) method is similar to the ALE technique, with the key
difference that, in the CEL technique, the rezoned mesh is the original computational mesh,
whereas in ALE, a new mesh is generated [190]. The CEL formulation assumes that, in the
initial Lagrangian step, the mesh is treated as a temporary true node of the material
deformation. Then, in the Eulerian step, deformation is suspended while the structure is
remeshed, and the nodes always return to their original positions. This ensures that the mesh
remains stationary during the simulation. The CEL method eliminates the distortion that occurs

during the cutting process, and this does not require a conforming mesh to be produced [192].

Bushido et al. [193] performed a simulation of inserting a hollow biopsy needle into agar gel
using a linear explicit dynamic CEL approach, Figure 5.7(a). Linear solid hexahedral and linear
Eulerian brick elements were used to mesh the needle and the agar gel, respectively, with
reduced integration and hourglass control applied to both element types. The analysis
determined needle deflection and the contact stress experienced by the agar gel during
insertion. The results outlined in Figure 5.7(b) revealed that the agar gel was punctured, and
the maximum stress occurred at the tip of the needle shaft. It also indicated that sharper needles

produced lower peak forces and greater needle deflections.
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Figure 5.7: Detailed FE modelling of needle insertion into an agar gel phantom mimicking
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soft tissue using the CEL method. (a) Needle-tissue assembly and mesh configuration, with the
needle and tissue meshed using linear-solid hexahedral and linear Eulerian brick elements,
respectively; (b) contact stress distribution for a 18° bevel tip angle at different insertion depths,

showing the maximum stress at the tip of the needle shaft [193]. Copyright 2019 by Elsevier
Ltd.

The studies reviewed above show that various finite-element methods have been developed to
simulate needle—tissue interactions, each with different assumptions about material behaviour,
contact definitions, damage processes, and meshing techniques. To compare these approaches
and emphasise the methodological differences relevant to this study, Table 5.2 summarises the

key configurations and modelling features reported in the literature.
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Table 5.2: Comparison of Needle-Tissue Interaction Modelling Approaches

Method | Damage Mesh Computational | Advantages Limitations | Suitability
Representation Distortion | Cost for
Handling Present
Study
Non- No damage model Poor under | Low Simple Cannot Limited
invasive large implementation; | simulate
FE deformation useful for | puncture or
deformation crack
analysis propagation
Nodal Node release | Moderate Moderate Lower Requires Moderate
separation | algorithms computational | iterative crack
cost than other | tracking
invasive
methods
Element | Element-based Poor- Moderate Captures crack | Mesh- Moderate
deletion/ | damage criteria moderate propagation dependent
failure realistically element
erosion may
reduce
physical
realism
Cohesive | Traction-separation Moderate High Realistic crack | Complex Moderate
zone law propagation crack-path
model definition;
(CZM) high
computational
cost
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ALE Remeshing/smoothing | Good High Handles large | Limited Good
deformation validation for
effectively complex

multilayer
tissues

CEL Eulerian-Lagrangian | Excellent High Prevents mesh | Higher Highly

coupling distortion; computational | suitable
suitable for | complexity
large

deformation and
multilayer

interaction

Various invasive modelling techniques have been proposed to simulate needle insertion into
soft materials. Each method has distinct advantages and disadvantages with respect to

numerical stability, computational cost, crack propagation, and performance in large-

deformation analysis. Table 5.3 summarises the properties and parameters for the models and

how each is configured.
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Table 5.3: Configuration of Representative Needle—Tissue Interaction FE Models

Study Method | Tissue Needle Element Type Damage Contact
Model Model Mechanism | Definition

Aoyagi et | Non- Linear PLA 2D/3D FE None Embedded

al. invasive | elastic microneedle insertion

FE silicone

rubber

Gokgol et | Nodal Hyper- Sharp/round | 2D FE Energy- Frictional

al. separation | viscoelastic | needle based node | contact
liver separation

Jiang et al. | Element | Silicone- Rigid 3D FE Stress/strain | Surface

deletion based skin | hollow failure contact

analogue needle

Oldfield et | CZM Elastic Rigid Plane strain + | Bilinear Penalty

al. gelatin needle cohesive TSL contact

elements

Yamaguchi | ALE Elastic- Copper Hexadrehal/ ALE Contact

et al. plastic agar | needle shell remeshing | interaction
gel

Bushido et | CEL Agar gel Hollow Eulerian CEL General

al. biopsy brick/hexahedral | coupling contact

needle

To address the challenges of simulating needle insertion into soft biological tissues, including

large deformations, mesh distortion, complex material behaviour, and multilayer interactions,

the CEL method was selected as the primary modelling framework in this study. Unlike purely
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Lagrangian methods, which suffer severe mesh distortion during large deformations, or purely
Eulerian methods, which struggle to accurately track solid interfaces, CEL combines the

strengths of both approaches while mitigating their respective limitations.

Compared with nodal separation and element deletion techniques, the CEL approach minimises
mesh dependence and prevents artificial element erosion during crack growth. Unlike cohesive
zone models, CEL doesn't require predefined crack paths or complex cohesive interface
definitions, which can be challenging in intricate three-dimensional multilayer systems.
Although ALE methods can reduce mesh distortion through remeshing, they may still
encounter numerical instability and a higher computational load during highly localised
deformation. Therefore, CEL offers a more reliable compromise among numerical stability,

efficiency, and physical accuracy for simulating needle insertion into soft tissues.

Previous studies have demonstrated that CEL methods can predict needle deflection, contact
stress, and insertion mechanics during needle penetration of soft materials. However, many of
these studies focused primarily on simplified homogeneous tissue analogues and relatively
idealised insertion conditions. The novelty of the present work lies in extending the CEL
framework to investigate needle interaction with more physiologically representative soft-
material structures under clinically relevant insertion conditions. Furthermore, the proposed
modelling framework enables detailed evaluation of tissue deformation, stress distribution, and
insertion dynamics while maintaining numerical stability throughout large deformations. This
provides a more comprehensive and physically representative approach to analysing needle—

tissue interaction than many existing methods reported in the literature.
5.6 Coupled-Eulerian Lagrangian Methodology
The positions of small particles within a given continuum change over time as they move

through a flow or deformation, and these changes in position can be described by functions of

time in the Eulerian and Lagrangian frameworks, Figure 5.8 [194].
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Figure 5.8: (a) Lagrangian description vs (b) Eulerian description of continuum motion [195].

In the Lagrangian formulation, the computational mesh is attached to the material, so each
mesh node follows the motion of the material particles throughout the analysis. Consequently,
the material coordinates remain fixed relative to the mesh, making this formulation particularly
suitable for structural mechanics and solid deformation analyses where accurate tracking of
material interfaces and contact boundaries is required [196]. Because the mesh deforms with
the material, the Lagrangian formulation provides accurate predictions of displacement, strain
and stress distributions. However, when materials undergo large deformations, such as those
occurring during needle penetration of soft tissue, the finite elements may become severely
distorted. Excessive mesh distortion can reduce solution accuracy, impair convergence and, in

extreme cases, terminate the numerical simulation.

In contrast, the Eulerian formulation employs a fixed computational mesh through which the
material flows. The mesh remains stationary throughout the analysis, while the material state
within each element evolves over time. This approach is widely used in fluid mechanics and in
simulations involving extremely large deformations because it effectively eliminates element
distortion [197]. Within the Eulerian domain, the material state at any spatial location is
characterised by field variables such as velocity, density, stress tensor and internal energy,
which satisfy the conservation equations for mass, momentum and energy [195]. Although the
fixed mesh prevents numerical problems associated with element distortion, the Eulerian
formulation may introduce numerical diffusion at material interfaces, particularly when

multiple materials occupy the same computational domain. Furthermore, because the mesh
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does not move with the material, accurately tracking solid boundaries and contact interfaces is

more challenging than in the Lagrangian formulation [198].

Rather than relying exclusively on either formulation, the present study employs the Coupled
Eulerian—Lagrangian (CEL) approach, which combines the strengths of both methods. In the
CEL formulation, the deformable tissue is represented on a fixed Eulerian mesh, allowing large
deformations and material flow without element distortion, whereas the biopsy needle is
modelled on a Lagrangian mesh that accurately preserves its geometry and facilitates contact
detection. The interaction between the moving Lagrangian needle and the Eulerian tissue is
resolved using a general contact algorithm, enabling stable simulation of needle penetration

while maintaining computational accuracy.

Table 5.4 summarises how the Lagrangian and Eulerian formulations were implemented within
the Coupled Eulerian—Lagrangian (CEL) model developed in this study and the rationale for

assigning each component to its respective formulation.
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Table 5.4: Application of the Lagrangian and Eulerian formulations in the Coupled Eulerian—

Lagrangian (CEL) model developed for EBUS-TBNA needle insertion [199].

Model component | Formulation Purpose in the present | Reasons for selection
Study
EBUS-TBNA needle | Lagrangian Represents the biopsy | The needle undergoes
needle throughout insertion | relatively small deformation
and requires accurate tracking
of geometry and contact
Soft tissue (lymph | Eulerian Represents the deformable | Allows large deformation and
node or  tissue tissue  during  needle | material flow without mesh
phantom) penetration distortion
Needle-tissue General  contact | Simulates contact between | Maintains stable contact while
interaction (CEL) the needle and tissue. permitting penetration of the
Eulerian material
Overall  numerical | Coupled Eulerian- | Combines the advantages | Eliminates excessive mesh
model Lagrangian of both formulations distortion while accurately

modelling needle motion and

tissue deformation

The complementary strengths of the Lagrangian and Eulerian formulations make the CEL

method particularly well suited to modelling needle insertion into soft biological tissues. By

combining an accurate representation of the needle with a distortion-free description of the

deforming tissue, the CEL formulation provides a robust numerical framework for simulating

tissue penetration and interaction during EBUS-TBNA procedures.
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5.6.1 Governing Equations between Lagrangian and Eulerian Formulations

The Eulerian and Lagrangian descriptions employ spatial and material time derivatives in their
respective conservation equations. The link between the material and the space-time

descriptions is defined by the chain rule as follows:

dy(x,t) _ dy(xt)
e 2 7, (x, 1)) (5.9)

. . . . . d a .
where y (X, t) is a tensor field with spatial coordinates, x, and time t. d—i] and 6—3: are the material
and time derivatives, respectively. The expression v. (V) is the constitutive term, in which v is

the material velocity and V, is the covariant derivative of the tensor. Equation 5.9 shows that

the total change in y is proportional to the sum of the convective and local rate of change in y.

In Lagrangian terms, the energy, mass, and momentum can be written as follows:

ap _

E+p|7.v— 0 (5.10)
p=V.0+pb (5.11)
de

Z=0:D (5.12)

where p , b, e, 0, and D denote the density, body force, total energy per unit volume, Cauchy
stress, and strain rate, respectively. The CEL analysis accounts for the material derivative
within the Lagrangian formulation and for material meshing. Equations (5.10), (5.11), and

(5.12) are then transformed to an Eulerian formulation using Equation (4.9):

2 +9.(pv) =0 (5.13)
a(—jitv_i'v(pV®V)=V.O’-|—pl’) (5.14)
Z4V.(ev)=0:D (5.15)
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where e represents the internal energy. The conservation equations for the Eulerian formulation
are expressed in terms of spatial derivatives, and the material moves freely within a fixed spatial

mesh. The general conservation form of Equations (5.13), (5.14), and (5.15) is as follows:
2iv.o=s (5.16)

where @ and S are the flux function and the source term. The arbitrary variable, y, in Equation
4.16, depends on spatial orientation and varies with time. Solving the time-spatial coupling
equation directly is numerically challenging. The CEL technique can address this problem by

decomposing it sequentially as follows:

oy _
2=s (5.17)
Z+V.4=0 (5.18)

Equations 5.17 and 5.18 refer to the Lagrangian step with the source term and the Eulerian step
with the convective term, respectively. The time derivative in Equation 5.17 differs from that
used in the governing equations within the Lagrangian approach. If the spatial time derivative
is replaced by the material time derivative on a fixed mesh, Equation 5.17 is the same as the

standard Lagrangian formulation.
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Figure 5.9: Overview of the CEL approach: (a) volume fraction tool; (b) CEL analysis; (c)
remap procedure. Copyright 2020 Elsevier Ltd.

The CEL calculation procedure is shown in Figure 5.9. It shows the elements that undergo
extreme deformations and their meshed state using the Eulerian method, while the Lagrangian
method is used to mesh the remaining elements. In Figure 5.9(a), the volume fraction tool can
create a discrete field with the help of a Boolean analysis. This method involves comparing the
parts of the Eulerian principle. The Eulerian volume fraction (EVF) is computed between the
Eulerian part and the reference part that intersects the Eulerian part. The EVF ranges from 0 to
1 and represents the percentage of each Eulerian element filled with a specific material. The
predefined field is then used to assign materials, and the material boundaries are calculated
based on the EVF of all the elements. The region not defined in the Eulerian part is treated as
void. Although the material initially lacks material properties, it can still flow into and through

the void during the analysis.

The data collected during the CEL analysis is stored at the nodes and then transferred to the
computational mesh, Figure 5.9(b). The unknown variables are then calculated by solving the
Lagrangian formulation (Equation 5.17), and the resulting displacement, velocity, and
acceleration of each node are updated, Figure 5.9(b). In addition, the adopted constitutive
model provides estimates of stresses and strains. The position of each node is updated after the

mesh adjustment, Figure 5.10(b). In the Eulerian mesh, the Lagrangian elements can move
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freely without resistance until they encounter a material-filled region (EVF = 1). General

contact can facilitate interaction between Lagrangian and Eulerian materials.

To solve Equation 5.18, the deformed mesh can be remapped to the original fixed mesh, and
the volume of material transferred between adjacent elements can be determined using the EVF,
Figure 5.9(c). Finally, the solutions of the Lagrangian equations, such as energy, momentum,

strain, and stress, are adjusted to account for material between adjacent elements [196].

5.6.2 Time Integration Scheme

For CEL analysis, the explicit-dynamic approach is employed in Abaqus/Explicit. The explicit
dynamic analysis is performed over a large number of small-time increments. The unknown
solution at the next time step can be computed from the previous time step without iteration or
the use of a tangent stiffness matrix. Hence, compared with the direct integration rule in
Abaqus/Standard, explicit dynamic analysis provides a robust and computationally efficient

approach to addressing complex contact problems.

The value of the stabilisation limit for an explicit analysis, At,, is computed by accounting for
the critical step size of the central-difference integration. At. takes into account the
characteristic element lengths , L., and the dilatational wave speeds , C;, which are expressed

as follows:

At, ~ e (5.19)

The small distribution wave exhibited by a model across any mesh element is given in Equation
5.19 and represents the minimum transit time. For a model consisting of a single material, the
value depends on the smallest element dimension in the mesh, whereas for models with
numerous material descriptions, it depends on the element with the highest wave speed. A time
increment of less than At can be used to achieve a stable solution in explicit dynamic analysis.
However, for nonlinear problems involving significant large deformation, the highest value of
the model will continuously change, resulting in At. changing in every succeeding step. To
ensure a stable solution, an automatic adjustment can be implemented to maintain stability

during CEL simulation.
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5.6.3 Contact Behaviour between Materials

The main contact problems in the CEL model involve Eulerian-to-Eulerian and Eulerian-to-
Lagrangian contact. When a granular material interacts with another, the default Eulerian-to-
Eulerian contact produces a “sticky” behaviour. This reflects a kinematic principle, namely that
a single strain field can be applied to all materials within an element. In Eulerian-to-Eulerian
contact, tensile stress can be transmitted across the contact interface, but no slip can occur at
these interfaces. By contrast, an Eulerian material interacts with a Lagrangian element through

Eulerian-to-Lagrangian contact.

The penalty contact method shown in Figure 5.10 is used to establish contact between
Lagrangian and Eulerian materials and is less severe than the kinematic method. To establish
this contact, seeds are placed on the edges and faces of the Lagrangian elements, while anchor
points are created on the surfaces of the Eulerian material. The penalty contact method allows
limited penetration of the Eulerian material into the Lagrangian domain. The contact force
exerted between the anchor points and the seeds, denoted, Fp, is proportional to the penetration
distance d), as described in Equation 5.20. The Lagrangian elements can move freely through

the Eulerian mesh until they encounter an Eulerian element containing material [196].

Fp = kyd, [196] (5.20)

where £, is the penalty for stiffness, which is a function of the Eulerian and Lagrangian material

properties.

Figure 5.10: Lagrangian-Eulerian material contact definition using the penalty method [200].

Copyright 2023 by the authors.
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In most cases, a Lagrangian frame is used to discretise a moving structure, and an Eulerian
frame is used to represent the fluid domain. The Lagrangian boundary’s velocity serves as the
interface model’s kinematic constraint for the Eulerian calculation using the interface models
[198]. The Lagrangian domain addresses structural deformation, whereas the Eulerian domain
focuses on element interactions. Since the Eulerian meshes are not constrained by mesh or
element distortions, the CEL method is the most accurate for calculating the resulting loads

[195].
5.7 Summary

This chapter explored the numerical modelling of needle-tissue interaction using a continuum
mechanics approach. The analysis shows that FEA provides a practical method for capturing
the complex, nonlinear behaviour of soft tissues during needle insertion, where analytical
solutions are generally infeasible. This chapter reviewed key numerical techniques, including
element formulations and solver strategies. It also compared implicit and explicit solvers in the
context of large-deformation and contact problems. Existing literature on both non-invasive
and invasive needle-tissue interaction was critically examined to highlight the strengths and
limitations of current modelling approaches. Lastly, the potential of CEL techniques for

modelling tissue damage and highly nonlinear interactions was introduced and discussed.

The assessment of different solver approaches indicates that none is universally optimal. The
implicit solver excels at maintaining stable numerical performance with large time steps but
may struggle with highly nonlinear behaviour. Conversely, explicit solvers are effective at
handling severe nonlinearities and dynamic interactions, but they impose stricter time-step
constraints. Similarly, the choice of mesh design and element formulation can significantly
affect the accuracy of simulation results. According to the literature, non-invasive models focus
more on guidance accuracy and tissue displacement, whereas invasive models typically focus
on damage mechanics and tissue puncture. These contrasting characteristics highlight the need
to develop numerical approaches that can account for specific needle-tissue interactions and

predict outcomes.

This chapter also covers lessons on the models and methods used to simulate complex needle-
tissue interactions. First, it is essential to balance computational cost with physical realism.

Additionally, selecting suitable meshing strategies, element types, and solvers is vital to prevent
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convergence issues and achieve realistic results. Second, CEL techniques, although
computationally demanding, offer clear advantages for modelling tissue damage and complex
interactions that are difficult to capture with standard Lagrangian FEA. Third, the review
emphasises the lack of standardised validation protocols in the literature, highlighting the

importance of benchmarking models against experimental data in subsequent work.

Although progress has been made, the chapter highlights several gaps and opportunities that
will shape the direction of Chapter 7. Many existing models oversimplify tissue heterogeneity,
anisotropy, and evolving damage, thereby limiting predictive accuracy in realistic scenarios.
There is scope to improve solver strategies or to combine complementary methods to boost
computational efficiency while maintaining fidelity. Lastly, additional parametric studies and
experimental validation are necessary to develop robust and generalisable modelling

frameworks for needle insertion, as discussed in the upcoming chapters.

In summary, Chapter 5 provides a thorough review of current numerical methods, emphasising
lessons learned from their application and highlighting key gaps and opportunities to guide the
experimental and modelling work discussed in the following chapters. This ensures the work
progresses from a solid foundation of established techniques to address the challenges of

accurate and predictive needle-tissue simulations.
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Chapter 6: EBUS-TBNA Needle Insertion into Soft Materials

6.1 Introduction

This chapter examines the mechanics of tissue cutting during needle insertion, with a particular
focus on rupture events at tissue-layer boundaries. Experimental force measurements are
obtained using 21G and 22G EBUS-TBNA needles inserted into various soft materials. The
chapter first outlines the experimental setup used to record insertion forces. It then investigates
needle-tissue interactions and introduces a mechanical model to predict internal friction, force,
normal stress, and the coefficient of friction. The experimental results are then presented and
analysed, before concluding with a discussion of the main findings and their implications for

needle deployment and tissue-sampling quality.

During needle-based procedures such as biopsies, transitions between tissue layers often lead
to rupture events that involve significant tissue deformation and the formation of crack
extensions [213-214]. These can occur due to tissue inhomogeneity or changes in its structure
[203]. Accurate needle deployment and the quality of tissue sampling are two of the most
crucial factors in making an accurate diagnosis and an individualised treatment decision. The
biopsy specimen is known to significantly impact the detection rate of lung cancer. The amount
of tissue obtained per needle biopsy should be increased to reduce the risk of false-negative

diagnoses and delays associated with repeated EBUS-TBNA procedures.

With reference to Section 3.6, three force components are involved in inserting a needle into
either biological tissue or a tissue-mimicking phantom. Figure 6.1(a) shows the cutting force,
Fc, aligned with the needle trajectory and applied by the needle tip, and the inner, F;, and outer,
Fo, friction forces, aligned with the needle direction and acting on the inner and outer surfaces
of the needle, respectively. Therefore, the force measured when inserting a hollow needle into

a soft material is the sum of Fc, F; and Fo, as shown in Figure 6.1(b).
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Soft Tissue/Phantom

Insertion

direction Fi=FctF+Fo

(a) (b)

Figure 6.1: A schematic representation of the axial forces involved in inserting a needle into
soft material: (a) the three axial force components during needle insertion (Fc, Fi, Fo); (b) the
maximum force F; that the needle exerts before the tip exits the tissue; (c) the needle insertion

force F» after the needle exits the tissue [204]. Copyright 2016 by Elsevier Ltd.

6.2 Experimental Materials and Methods

6.2.1 Experimental Setup

The monitoring and control of the forces generated during needle insertion into soft materials

were carried out using a custom-built single-axis needle insertion test rig developed by Dr

Kevin Worrall at the University of Glasgow, as shown in Figure 6.2.

(@) (b)

Linear actuator

Force sensor

Figure 6.2: Needle insertion test rig. (a) Complete experimental setup; (b) close-up of the linear

actuator, force sensor, custom 3D-printed connector, and EBUS-TBNA needle.
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The test rig employed an L12 micro-linear actuator (Actuonix, Victoria, BC, Canada) to
provide position-controlled vertical motion of the needle. The actuator has a maximum travel
of 50 mm, and a maximum operating speed of 13 mm/s. Needle insertion forces were measured
using a 100 N miniature tension/compression load cell (LCM201-100N, Omega Engineering,
Stamford, CT, USA) mounted between the actuator and the needle. According to the
manufacturer's specifications, the load cell has a rated capacity of 100 N and an accuracy of
+1.0% of full-scale output (Appendix 6.1). This measurement range was selected to provide
sufficient sensitivity for the relatively low insertion forces generated when inserting a needle

into soft materials, while maintaining an adequate safety margin against sensory overload.

The load cell and needle were mechanically coupled with a custom-designed, rigid, 3D-printed
connector to ensure accurate transmission of axial insertion forces. The analogue output from
the load cell was digitised using a 24-bit analogue-to-digital converter (ADC), while an
Arduino Uno microcontroller interfaced with a personal computer to control actuator motion

and acquire force measurements.

The actuator control signal required to achieve the prescribed needle insertion speed (mm/s)
was determined using Equations 6.1 and 6.2 together with the linear-speed Arduino program
provided in Appendix 6.3. The relationship between the control signal and the resulting actuator

speed was experimentally verified to be linear (Appendix 6.1).

.. variable value . .
Actuator position = 1oz X Maximum extension (6.1)

where the actuator position is expressed in mm

Maximum position—Minimum position

Actuator speed = (6.2)

run time

where the actuator run speed is expressed in mm/s, the maximum and minimum positions are

given in mm, and the run time is expressed in s

! Code was first developed by Kevin-Worrall
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6.2.2 Experimental Procedure

In this study, two flat-bevel needles used for EBUS-TBNA, namely the 21G (0.84 mm OD,
0.61 mm ID) and 22G (0.72 mm OD, 0.55 mm ID), as shown in Figure 6.3(a) (Vizishot,
Olympus, Southend-on-Sea, UK), were inserted into four types of soft materials: PVA
hydrogel, large pickled capers, chicken breast, and porcine lung lymph nodes. Needle insertion
was controlled at speeds of 13 mm/s, 9 mm/s, 3 mm/s, and 0.5 mm/s. These speeds were
selected to represent a range of clinically relevant insertion conditions, including rapid,
intermediate, and slow. This range enabled assessment of how insertion speed affects force

output while minimising dynamic effects caused by actuator inertia and vibration.

For each needle type and insertion speed, five insertions were performed into a single sample,
spaced 5 mm apart to preserve tissue integrity and ensure repeatability. Because the large
pickled capers and porcine lung lymph nodes are small, 5 insertions were made across 5
different samples. This resulted in 20 insertions for each soft material and each needle diameter.
In each insertion, needle motion was initiated more than 1 cm from the soft material surface to
ensure that needle speed remained constant from the moment the needle contacted the tissue
until it emerged from the opposite side of the sample (Figure 6.3(b)). The samples were secured
using a custom-designed holder that matched the tissue's shape, because excessive compression
within a holder can generate additional strain energy and cause cracks to propagate.
Conversely, a large clearance between the holder and the soft material will permit excessive

deformation before needle puncture.
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Figure 6.3: Needle insertion into the lymph node. (a) Microscopic view of the 22G EBUS-
TBNA needle; (b) the predefined distance between the needle and the lymph node.

For each insertion, the force versus needle travel distance was recorded. The force acting on
the needle was measured with a data recorder at 200 Hz. A low-pass filter was applied to
remove high-frequency noise from the force measurements. The filter was chosen to minimise
effects on deformation and force. Due to friction and potential needle-related errors, calibration
was performed before each insertion to account for friction, offset, and possible drift associated
with the needle and test rig. This step was especially important given the low force magnitudes
involved, as small measurement errors could substantially affect the results. The calibration
was performed in space, separate from the tissue, using 0.5 N and 1 N loads to determine the
calibration factor for force evaluation. The needle insertion and calibration procedures were

carried out using the Arduino code, which is included in Appendices 6.2—6.4.

6.3 Results

6.3.1 Force-Distance Relationship During Needle Insertion

Results of the combined force-displacement (F-D) of 21G and 22G EBUS-TBNA needles
inserted into chicken breast, large pickled capers, PVA hydrogel, and porcine lung lymph nodes
at 13 mm/s, 9 mm/s, 3 mm/s, and 0.5 mm/s are shown in, Figure 6.4 - Figure 6.7, respectively.
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The force—displacement curves provide insight into the mechanical interaction between the

needle and the soft material during penetration and advancement.
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Figure 6.4: (a) 22G and (b) 21G needle insertions into a reproducible phantom material, PVA
hydrogel, at speeds of 13 mm/s, 9 mm/s, 3 mm/s, and 0.5 mm/s.
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Figure 6.5: (a) 22G and (b) 21G needle insertion into large-pickled capers, a generic mimic of

lymph nodes, at speeds of 13 mm/s, 9 mm/s, 3 mm/s, and 0.5 mm/s.

156



Chapter 6: EBUS-TBNA Needle Insertion into Soft Materials

(a) (b)

(I) 22G Needle Insertion into Chicken Breast at 13 mm/s (1)) 21G Needle Insertion into Chicken Breast at 13 mm/s
6 63
5 53
=4 ~41
% Insertion 1 Z Insertion 1
g3 ——Insertion 2 £33 ——Tnsertion 2
ﬁ 2 w===Insertion 3 IS 2] ——Insertion 3
——Insertion 4 —Insertion 4
1 ——Tnsertion 5 1] ——Insertion 5
0+ T T T T T T T J 0
0 5 10 15 20 25 30 35 4 0 5 0 15 2 25 30 35 40
Displacement (mm) Displacement (mm)
(m 22G Needle Insertion into Chicken Breast at 9 mm/s (ID 21G Needle Insertion into Chicken Breast at 9 mm/s
7 7
6 6
5 5
E, 4 Insertion 1 E 4 Insertion 1
v @
2 3 Insertion 2 ] 3 Insertion 2
I ——Insertion 3 ~ ——Tnsertion 3
2 2
= Insertion 4 === Insertion 4
1 ——Insertion 5 1 ——TInsertion 5
0 04 g T T T T T T d
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Displacement (mm) Displacement (mm)
(1) 22G Needle Insertion into Chicken Breast at 3 mm/s (1) 21G Needle Insertion into Chicken Breast at 3 mm/s
9 9 4
8 8
7 7
6 ~6
Zq Insertion 1 E 53 Tnsertion 1
34 =—Insertion 2 § 4 3 w==Insertion 2
FES =Insertion 3 ; 3 === [nsertion 3
2 ===Insertion 4 5 = Insertion 4
===Insertion 5 - = [msertions
1 1 3
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Displacement (mm) Displacement (mm)
(IV) 22G Needle Insertion into Chicken Breast at 0.5 mm/s (IV) 21G Needle Insertion into Chicken Breast at 0.5 mm/s
1 1
10 10
9 9
8 8
=1 -7
;_Z‘-’ 6 Tnsertion 1 € Insertion 1
é 5 ——TInsertion 2 g 5 = Insertion 2
£ 4 = [nsertion 3 £ N ——Insertion 3
3 I ——Insertion 4
——Insertion 4 3
——Insertion 5
2 === Insertion 5 2
1
1
0 T T T T T T T J R
0 5 10 15 20 25 30 35 40 o 5 10 15 24 25 20 35 P

Displacement (mm) Displacement (mm)

Figure 6.6: (a) 22G and (b) 21G needle insertions into a generic soft material, chicken breast,

at speeds of 13 mm/s, 9 mm/s, 3 mm/s, and 0.5 mm/s.
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Figure 6.7: (a) 22G and (b) 21G needle insertion into porcine lung lymph nodes, at speeds of

13mm/s, 9mm/s, 3mm/s, and 0.5mm/s.

Figures 6.8—6.11 present the mean force—displacement profiles for the steady-state insertion

phase (Phase III) of 21G and 22G needles inserted into different soft materials at insertion

speeds of 13 mm/s, 9 mm/s, 3 mm/s, and 0.5 mm/s, respectively. These profiles were used to

compare the effects of needle gauge, insertion speed, and material type on steady-state insertion

mechanics.
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Figure 6.8: Steady-state (Phase III) force-displacement profiles for 22G (a) and 21G (b)
EBUS-TBNA needle insertions into (I) PVA hydrogel, (II) chicken breast, (IIT) large pickled

capers, and (IV) porcine lymph nodes at 13 mm/s.
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Figure 6.9: Steady-state (Phase III) force-displacement profiles for 22G (a) and 21G (b) EBUS-

TBNA needle insertions into (I) PVA hydrogel, (IT) chicken breast, (II1) large pickled capers,

and (IV) porcine lymph nodes at 9 mm/s.
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Figure 6.10: Steady-state (Phase III) force-displacement profiles for 22G (a) and 21G (b)

EBUS-TBNA needle insertions into (I) PVA hydrogel, (II) chicken breast, (IIT) large pickled

capers, and (IV) porcine lymph nodes at 3 mm/s.
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Figure 6.11: Steady-state (Phase III) force-displacement profiles for 22G (a) and 21G (b)
EBUS-TBNA needle insertions into (I) PVA hydrogel, (II) chicken breast, (IIT) large pickled

capers, and (IV) porcine lymph nodes at 0.5 mm/s.

The following figures present only the steady-state insertion phase (Phase III). During this
phase, the measured insertion force comprises the cutting force (F;), the internal friction force

(F;), and the outer friction force (Fy), reaching a maximum value F; at the end of Phase III.
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Upon needle exit (Phase 1V), the remaining force reduces to the residual outer friction force,

F2 == FO.

Force—displacement (F—D) analysis was conducted to investigate the mechanical interaction
between 21G and 22G EBUS-TBNA needles and a range of soft materials at controlled
insertion speeds. The objectives of this analysis were to identify the characteristic phases of the
needle insertion process, quantify the effects of needle gauge and insertion speed on insertion

forces, and evaluate the influence of material properties on needle—tissue interaction.

Figures 6.4—6.7 present the complete F—D profiles for 21G and 22G needles inserted into PVA
hydrogel, large pickled capers, chicken breast, and porcine lung lymph nodes at insertion
speeds of 13, 9, 3, and 0.5 mm/s. These materials were selected to span a broad range of
mechanical behaviours, from the homogeneous, reproducible properties of PVA hydrogel to
the heterogeneous structure of biological tissues such as porcine lung lymph nodes. Despite
differences in material properties, needle gauge, and insertion speed, the F—D profiles showed
similar overall trends, allowing the needle insertion process to be divided into four distinct

phases.

As the primary objective of this study was to characterise the steady-state insertion mechanics,
the subsequent analysis focuses on Phase III, corresponding to the steady-state shaft insertion
stage. During this phase, the measured insertion force is governed by the combined contribution
of the cutting force (F;), the internal friction force (F;), and the outer friction force (Fy). The
force increases progressively throughout Phase III and reaches the peak insertion force (F;) at
the completion of shaft advancement. Following needle exit (Phase IV), the measured force
decreases to the residual force (F,), which represents the outer friction force (Fp).
Consequently, Figures 6.8—6.11 present only the steady-state insertion phase (Phase III) for
insertion speeds of 13, 9, 3, and 0.5 mm/s, thereby facilitating direct comparison of the steady-

state insertion behaviour across different materials and needle gauges.

Although the overall force—displacement behaviour was consistent across all experimental
conditions, variations in force magnitude and force-development characteristics were observed
as a function of insertion speed, needle gauge, and material type. These differences are

discussed in the following sections.
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Insertion Phases

The force—displacement profiles shown in Figures 6.4 — 6.7 demonstrate that needle insertion

can be divided into four mechanically distinct phases. Although the magnitude of the measured

force varies with needle gauge, insertion speed, and material type, the sequence of mechanical

events remained consistent across all experimental conditions.

Phase I: Initial Contact and Pre-Penetration Deformation

During the initial stage of insertion, the needle tip contacts the material surface,
producing local elastic deformation without penetrating. Consequently, the measured
force remains relatively low because the material response is governed primarily by

elastic compression rather than by cutting or frictional interactions.

Phase II: Penetration and Puncture:

As the insertion progresses, the force increases non-linearly until the stress beneath the
needle tip exceeds the material's fracture resistance, resulting in puncture. The force
generated during this stage is dominated by the cutting force (F¢). Immediately after
penetration, a slight reduction in force is observed due to elastic recovery of the material

and the transition from surface deformation to internal needle advancement.

Phase I1I: Needle Shaft Advancement:

After puncture, the needle shaft advances through the material while the needle tip
remains fully embedded. This stage marks the steady-state insertion phase, which is
considered throughout the remainder of this chapter. During Phase III, the measured
insertion force arises from the combined contributions of the cutting force (F;), the
internal friction force (F;), and the outer friction force (Fy). As insertion depth
increases, the contact length between the needle shaft and the surrounding material
increases, leading to a progressive rise in frictional resistance and insertion force until
the peak insertion force (F;) is reached at the end of the insertion phase.

For the 22G needle, a distinct change in the rate of force development was consistently
observed at an insertion depth of approximately 30 mm. Beyond this depth, insertion
mechanics were increasingly dominated by shaft friction rather than cutting at the

needle tip. This behaviour is attributed to the increasing shaft-material contact length,

164



Chapter 6: EBUS-TBNA Needle Insertion into Soft Materials

viscoelastic recovery of the material surrounding the insertion track, and partial closure
of the material around the needle shaft. Owing to its smaller diameter, the 22G needle

appeared more sensitive to frictional effects per unit contact area than the 21G needle.

e Phase IV: Needle Exit:
During withdrawal, the needle tip exits the material while part of the shaft remains
embedded. Consequently, the measured force decreases to the residual force (F,), which
corresponds to the remaining outer friction force (F,) acting on the embedded portion

of the needle shaft.

Effect of Needle Gauge, Insertion Speed and Material Type on Insertion Force

The steady-state force—displacement profiles showed that needle gauge, insertion speed, and

material properties all significantly affected insertion mechanics.

Across most materials and insertion conditions, the 21G needle generated higher insertion
forces than the 22G needle. This behaviour is primarily attributed to its larger outer diameter,
which increases both the cutting resistance at the bevel tip and the frictional interaction between

the needle shaft and the surrounding material due to the greater contact surface area.

Insertion speed also had a pronounced effect on force development. Lower insertion speeds
generally produced higher steady-state insertion forces and a more gradual rise in force during
shaft advancement. This trend was particularly evident in chicken breast and porcine lung
lymph node tissues. At lower insertion speeds, the longer interaction time between the needle
and the surrounding material promotes greater viscoelastic deformation, material recovery, and
adhesion around the needle shaft, thereby increasing frictional resistance. Conversely, higher
insertion speeds shorten the duration of needle—sample interaction, limiting viscoelastic

recovery and resulting in lower insertion forces.

These observations are consistent with the viscoelastic behaviour of soft biological materials,
whose mechanical response depends on both the loading rate and the deformation history. The
results therefore demonstrate that insertion speed influences both the cutting and frictional

components of the insertion force during EBUS-TBNA needle insertion.
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From a clinical perspective, reducing insertion force is desirable because excessive forces may
increase tissue trauma, deformation, and procedural difficulty during EBUS-TBNA. Lower
insertion forces are expected to improve needle controllability and targeting accuracy during
lymph node sampling, while reducing deformation of the surrounding pulmonary tissue. These
characteristics are particularly relevant to robot-assisted bronchoscopy and image-guided

biopsy procedures, where accurate needle placement is essential.

Material properties also played a significant role in determining insertion mechanics. PVA
hydrogel exhibited smooth, highly repeatable force—displacement profiles, reflecting its
homogeneous and isotropic structure. By contrast, chicken breast and porcine lung lymph
nodes showed greater variability, particularly during puncture and the early stages of shaft
advancement, owing to differences in tissue stiffness, fibre orientation, hydration, and

structural heterogeneity.

Large pickled capers exhibited behaviour intermediate between that of the homogeneous
phantom material and biological tissues. Their force profiles demonstrated greater puncture
resistance than those of PVA hydrogel while remaining more repeatable than those of porcine
lung lymph nodes, supporting their suitability as a simplified surrogate material for preliminary

needle insertion studies.

The observed differences between materials highlight the importance of selecting appropriate
surrogate materials when evaluating needle insertion mechanics under controlled laboratory
conditions. Variations in insertion behaviour arise from the interfacial mechanics between the
needle and the surrounding material. During penetration, the bevel tip cuts and fractures the
material while the advancing shaft experiences frictional sliding governed by surface
roughness, contact pressure, and viscoelastic recovery around the insertion track. As insertion
depth increases, partial closure of the material around the shaft generates additional normal
stresses, increasing frictional resistance. Local variations in material microstructure and contact

conditions further contribute to the variability observed between repeated insertions.

The greatest variability occurred during the puncture phase, reflecting sensitivity to local
material properties and initial contact conditions. Following penetration, the force—

displacement profiles became more consistent, indicating stable shaft—-material interaction. The
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excellent repeatability observed in the PVA hydrogel further confirms its suitability as a

reproducible tissue-mimicking phantom for controlled needle-insertion experiments.

6.3.2 Force Calculation

For clarity, the force definitions used in this study are reiterated below:

F;: peak insertion force during shaft advancement (end of Phase III)

F,: residual force after needle exit representing outer friction (Fy)

F¢: cutting force at puncture (Phase II)

F;: internal friction force during shaft insertion

At the point of penetration during Phase II and at the end of Phase III, the total insertion force,
F;, is composed of the cutting force, F, the internal friction force, F;, and the outer friction
force, F,. After the needle tip exits the material during Phase IV, cutting no longer occurs
(F; =0), and the tissue sample within the needle becomes stationary. Consequently, the

remaining insertion force corresponds to the outer friction force only, such that:

FZ = FO (63)

The difference between the peak insertion force and the residual force is therefore:

Fi—-F,=F+F (6.4)

Since direct measurement of F- and F; was not experimentally feasible, a linear extrapolation
method was used to estimate these force components from the insertion force profiles obtained
at different sample depths. Because the tested samples had different insertion depths
(dy’ dy ds), the value of F; — F,increased with increasing tissue depth due to the progressive

contribution of internal friction.
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Assuming the cutting force remains approximately constant during insertion, the relationship

between (F.+F;)and insertion depth can be expressed as:

FC + Fi = FCO + ﬁd (65)

where the intercept at zero insertion depth represents the cutting force, Fy, and the slope

represents the internal friction coefficient, f;.

Figure 6.12 illustrates the linear extrapolation method used to determine internal friction and
cutting forces for PVA hydrogel, large pickled capers, chicken breast, and porcine lymph nodes

from the lung.

—Large pickled capers ——Porcine lung lymph node — Chicken breast —PVA hydrogel

2.5 1
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Figure 6.12: Inner friction and cutting force obtained by linear extrapolation for PVA hydrogel,

large pickled capers, chicken breast and porcine lung lymph node.

The results demonstrate that the difference in insertion force after penetration
(F,—F,)increases with insertion depth across all tested materials, indicating that internal
friction becomes progressively more significant as the length of material retained within the
needle increases. Conversely, the cutting force contributes a relatively constant offset

throughout insertion.

168



Chapter 6: EBUS-TBNA Needle Insertion into Soft Materials

Among the tested materials, large pickled capers exhibited the highest internal friction forces,
indicating greater resistance to tissue motion within the needle lumen. Porcine lymph nodes
exhibited the next-highest frictional behaviour, consistent with their fibrous, heterogeneous
internal structure. Chicken breast exhibited intermediate behaviour, whereas the PVA hydrogel
demonstrated the lowest frictional resistance, owing to its homogeneous composition and
smoother internal interactions with the needle surface. The observed trends align with the peak
insertion forces measured during penetration, suggesting that material microstructure strongly

influences both cutting and frictional behaviour during insertion.

The linear relationships between (F.+F;)and insertion depth exhibited coefficients of
determination (R?) of approximately 0.9, indicating strong agreement between the
experimental data and the proposed linear model across repeated insertions at each speed and

material condition.

Values of Fy, F,, F;, and F for the 21G and 22G needles at 13 mm/s are summarised in Figure

6.13 and Table 6.1.
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Figure 6.13: (a) 22G and (b) 21G needle insertion into four soft materials at 13 mm/s, with a
comparison of the values of force Fi, F2 (Fo), Fi, and Fc at 13 mm/s. (I) 22G and 21G needle
insertion into PVA hydrogel; (Il) 21G and 22G needle insertion into large pickled caper ; (III)
22G and 21G needle insertion into chicken breast; and (IV) 22G and 21G needle insertion into

lymph node.
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Table 6.1: Comparison of forces profile between the 21G and 22G needle insertions into PVA
hydrogel, chicken breast, large pickled capers, and porcine lung lymph node at 13 mm/s,
showing a higher peak force F; and outside friction force F> when using the 22G needle, and a

higher inner friction F; and cutting force F. when using 21G needle.

Needles Forces PVA Large Pickled | Chicken Breast | Lymph Nodes
Hydrogel | Capers

F1 (N) 3.79 14.51 4.66 5.59
(STD) (0.15) (0.52) (0.03) (0.26)
F2 (N) 3.06 13.49 4.23 3.62

21G (STD) (0.55) (0.62) (0.11) (0.27)
Fi (N/mm) | 0.581 33 0.73 1.35
(STD) (0.28) (0.18) (0.26) (0.19)
Fc. (N) 1.28 0.29 1.44 0.62
(STD) (0.49) (0.15) (0.51) (0.28)
Fi1 (N) 3.65 11.36 4.01 5.02
(STD) (0.06) (0.53) (0.06) (0.19)
F2 (N) 2.46 10.15 3.53 3.46

22G (STD) (0.57) (0.76) (0.33) (0.54)
Fi (N/mm) | 0.39 1.78 0.57 0.74
(STD) (0.20) (0.03) (0.18) (0.27)
Fc (N) 0.76 0.22 0.81 0.57
(STD) (0.21) (0.17) (0.26) (0.26)

Overall, the 21G needle generally produced higher peak insertion forces due to its larger

diameter and greater contact area with the material. However, variations in internal friction and
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cutting forces depended on both material type and insertion conditions, indicating that needle—

material interaction is governed by multiple mechanical factors beyond needle diameter alone.

Figure 6.14, further demonstrates the relationship between insertion speed and internal friction
force across all tested materials. Across most materials, higher frictional forces were observed
at lower insertion speeds, with friction decreasing progressively as insertion speed increased.
Large pickled capers consistently exhibited the highest frictional forces, whereas PVA hydrogel
showed the lowest values. Chicken breast and porcine lymph nodes demonstrated intermediate
behaviour, although lymph nodes showed greater variability and a more pronounced reduction

in friction force at higher insertion speeds.

Several force measurements (Figure 6.14-6.15) exhibited relatively large standard deviations,
particularly for biological materials such as porcine lymph nodes and chicken breast. The larger
error bars observed in these materials indicate substantial variability across repeated insertions.
This variability is likely attributable to the heterogeneous internal structure of biological tissue,
including variations in fibre orientation, local stiffness, tissue density, hydration, and internal

composition.

Additional variability may arise from minor differences in insertion angle, local contact
conditions, and the needle’s position relative to internal tissue structures. These variations are
particularly pronounced during the puncture phase, when local material failure mechanisms
strongly influence the measured peak force. After penetration, the force—displacement profiles
become more consistent, indicating a more stable interaction between the needle shaft and the

surrounding material.

In contrast, PVA hydrogel exhibited considerably smaller error bars and greater repeatability,
owing to its homogeneous and reproducible mechanical properties. The relatively low
variability observed in PVA hydrogel confirms its suitability as a reproducible phantom

material for controlled needle-insertion experiments.

Overall, the results demonstrate that insertion mechanics are governed by a complex interplay
of needle geometry, insertion speed, and material properties. Biological tissues exhibited
greater variability than phantom materials due to their heterogeneous internal structure,

whereas PVA hydrogel provided highly repeatable force measurements suitable for controlled
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experimental analysis. The findings further demonstrate that insertion speed significantly
affects cutting and frictional behaviour, with important implications for the optimisation of
EBUS-TBNA procedures, needle design, and robotic-assisted biopsy systems to reduce tissue

trauma and improve procedural precision.

The maximum insertion force measured during the experiment was 14.51 N for the 21G needle
inserted into large pickled capers. Although the experimental needles were manufactured from
nitinol, which exhibits superelastic behaviour under sufficiently high stresses, this behaviour
is typically reported to occur at approximately 300-600 MPa, depending on the alloy
composition, heat treatment, and manufacturing process [205]. The measured insertion loads
were considered insufficient to initiate a stress-induced martensitic transformation.
Consequently, the needle was assumed to remain within its linear elastic (austenitic) regime
throughout all experiments, and the effects of superelasticity were neglected. This assumption
is further supported by the absence of any observable permanent deformation or residual
curvature of the needle following repeated insertions. The experimentally justified assumption
of linear needle behaviour was subsequently adopted in the finite element model presented in

Chapter 7, where the needle was represented as a discrete rigid body.

(a) Needle insertion into PVA Hydrogel at various speed: Friction (b) Needle insertion into Large Pickled Capers at various speed:
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Figure 6.14: Friction force vs insertion speed relationship at various speeds: (a) PVA hydrogel;
(b) large-pickled capers; (c) chicken breast; (d) porcine lung lymph node. The relationship

indicates that the frictional force increases with higher insertion speeds.
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force profiles.
6.3.3 Stress and Coefficient of Friction Calculation

The inner coefficient of friction can be defined as the ratio of friction force to the normal force,
or the ratio of friction stress to normal stress, per unit length, Equation (6.4), assuming that the
distributions of inner friction and normal force are uniform across the entire inner surface [206].
fri Ofi
u= f_ﬁh — G_;l (6.4)
The inner friction stress, dy;, also known as the inner shear stress, was obtained by dividing Fi
by the needle's inner circumference. The normal stress, gy, of the tissue was calculated by
estimating the stress required to uniformly compress the tissue in the radial direction from the
original core diameter, Dco, to the compressed core diameter, D¢, under the plane stress
condition [207]. The original core diameter equals the needle's outer diameter, D¢, = Do, while
the compressed core diameter is its inner diameter, Dcc = D; [207]. The diameter of the hole,
Du, left in the soft material was assumed to equal the needle's outer diameter, Dy = D,. By
assuming that the radial stress was uniform throughout the domain, the normal stress would
be the same as the radial stress, oy = o,.. Hence, the general solution for o, in the radial

direction at distance, r, from the centre is given by [208]:

o, =Cy + Cr—2 (6.5)
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where C; and C; are two parameters determined by the boundary conditions.

The radial displacement, A, can be expressed as:
A== [A=v)Cir — (A +0)Crt ] (6.6)
where E is Young’s modulus in MPa, and v is Poisson’s ratio.

Atr= %, Ais (th;Di). At the centre (r=0), A =0.

Based on these two boundary conditions, Ci, the radial stress is expressed as:

— E@r=Dy)
(1-v)Dp

Ci (6.7)

and C> =0. (6.8)

Poisson’s ratio was set to v = 0.495 to reflect the incompressibility of most soft materials.
Young’s modulus was calculated from the shear modulus of the hyperelastic constant of the

Ogden model, as given in Chapter 5, Table 5.5, using the formula:
E =2G (1+ v) (6.9)
where G is the shear modulus in MPa.

The values of the friction stress, normal stress and the coefficient of friction of various soft

materials, using the 21G needle at various speeds are presented in Table 6.
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Table 6.2: Value of o;, oy;, and p using the 21G needle.

Soft Materials 13 mm/s 9 mm/s 3 mm/s 0.5 mm/s
PVA osi(KPa) | 268.21 214.88 186.05 157.23
oyi(KPa) | 433.10 433.10 433.10 433.10
u 0.62 0.49 0.43 0.36
Large Pickled | og(KPa) | 490.49 282.08 257.93 241.14
Capers
oyi(KPa) | 34.27 34.27 34.27 34.27
u 14.31 8.23 7.53 7.04
Chicken Breast osi(KPa) | 572.65 569.72 448.71 351.45
oyi(KPa) | 838.50 838.50 838.50 838.50
u 0.69 0.67 0.53 0.42
Lymph Node o5 (KPa) | 440.08 384.64 348.64 314.30
oyi(KPa) | 374.92 374.92 374.92 374.92
u 1.17 1.02 0.93 0.84
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6.4 Summary

The aim of this chapter was to examine the mechanics of needle insertion into lymph nodes,
with a focus on rupture events, tissue deformation, and insertion forces. Rupture events were
identified experimentally from force-displacement responses during dynamic needle insertion,
enabling a qualitative assessment of crack initiation and a comparative analysis of behaviour
across materials, needle gauges, and insertion speeds. Quantitative analysis of rupture was not

conducted here; however, it is addressed in Chapter 7 using finite-element analysis in Abaqus.

Dynamic experiments were conducted with 21G and 22G EBUS-TBNA needles at four
insertion speeds (13 mm/s, 9 mm/s, 3 mm/s, and 0.5 mm/s) in porcine lung lymph nodes and
three alternative soft materials, namely PVA hydrogel, large pickled capers, and chicken breast.
The results showed that rupture events significantly affect the insertion force profile. Increasing
the insertion speed increased the internal frictional force per unit needle length (Fi) but reduced

the peak puncture force (F1).

Among alternative materials as tissue substitutes, large pickled capers were unsuitable for
lymph nodes because of their structural irregularity and significantly higher insertion forces.
PVA hydrogel and chicken breast exhibited soft-tissue-like behaviour, with PVA hydrogel
providing the best partial mechanical match. However, none of the materials fully replicated

lymph node rupture behaviour, indicating their limited suitability as substitutes.

The experimental methodology was well-suited to addressing the objectives of this chapter, as
it enabled controlled, reproducible measurements of needle insertion forces across different
needles, speeds, and materials. The main advantage of this methodology is its ability to capture
relative differences between frictional and peak forces, whereas its limitations include reliance

on simplified loading conditions.

Overall, the main findings of this chapter include confirming the significant impact of rupture
events on needle-tissue interaction, identifying insertion speed as a key factor affecting
frictional and peak forces, and showing that alternative materials exhibit partial mechanical
properties similar to those of lymph nodes, with no complete substitutes found. The study offers

comparative insights into needle mechanics and tissue substitutes, informs the numerical
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analysis in Chapter 7, and enhances understanding of needle-tissue interaction in EBUS-TBNA

procedures.
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Chapter 7: Finite Element Modelling of Needle Insertion into Soft Materials

7.1 Introduction

This chapter uses 3D FEA to examine how three tip geometries, namely the Olympus single-
bevel, double-front-bevel, and Acquire Franseen, affect the force-displacement relationship. It
also investigates tissue deformation and separation surfaces to improve force balance, thereby
enabling accurate lymph node sampling during biopsy and increasing the tissue sample length

within the needle.

The two common issues that can affect the performance of a needle biopsy are needle deflection
and tissue deformation [209], [210]. Needle deflection can result from various factors, such as
cutting force, frictional force, and tissue pressure, which create unbalanced moments that bend
the needle. The cutting force is generated at the needle tip, where the tissue is cut and separated.
The separated tissue’s contact with the needle tip’s bevel face generates a perpendicular force,
which can cause needle deflection [211]. The needle-tissue interaction causes a distribution of
tissue pressure across the regions of direct contact between tissue and needle, which can result
in additional friction force and further exacerbate the deflection [212]. Such deflection can
cause the needle to fail or under-sample the targeted lymph node, resulting in a significant
impact on clinical outcomes, including lung cancer misdiagnosis and false-negative results

[211], [213]

This chapter begins by describing the three needle tip designs used in this work. It then explains
the components of the analysis, including the boundary conditions, meshing, and the interaction
between the tissue and the needle. The results section presents the study's findings on the
Olympus bevel needle and compares them with experimental results. It also compares force,

stress, and tissue sample length across different needle types.

7.2 Materials and Methods

7.2.1 Materials

The results of the mechanical characterisation (Chapter 4) and needle insertion (Chapter 6)
experiments showed that large pickled capers can no longer serve as geometric mimics of
lymph nodes. As a result, the FEA in this chapter is performed using PVA hydrogel, chicken

breast, and porcine lung lymph nodes.
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7.2.2 Needle tip design

The CAD software SolidWorks (Dassault Systémes, Vélizy-Villacoublay, France) was used to
define the three needle designs studied, namely the Olympus bevel, the double front bevel, and
the Acquire Franseen needles (Figure 7.1). The needle tip designs were selected to evaluate
geometries proposed for use in the EBUS-TBNA procedure. Based on the results presented in
Chapter 6, which showed that the 21G exhibited a higher peak force than the 22G, the three
needle tips were defined as 21G to maximise potential tissue yield. The needle length and inner
and outer diameters were constant across all designs at 40 mm, 0.61 mm, and 0.84 mm,
respectively.

(@) (b) ©

Figure 7.1: 21G Needle tip geometries defined in SolidWorks; (a) Olympus bevel needle, (b)

double front bevel needle, (c) Acquire Franseen needle.

The bevel tip Figure 7.1(a), manufactured and commercialised by Olympus, is the most
common needle tip geometry used in medical procedures, particularly in EBUS-TBNA. It
features a single cutting plane, which can be oriented at various angles depending on the
intended use. The bevel angle and length can influence the needle's cutting ability and
penetration angle. The double-front bevel needle tip, Figure 7.1(b), features two symmetric
cutting planes. The Franseen needle, Figure 7.1(c) (Boston Scientific Corporation,
Marlborough, MA), is supplied by Acquire and features three symmetrical triangular cutting
planes. It enables precise tissue sampling and minimises the risk of needle deflection during

biopsies.
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For the present study, nitinol, a nickel-titanium alloy widely used in medical devices for its
shape-memory and superelastic properties, was used as the material for all experimental
needles, consistent with the commercially available Olympus 21G and 22G EBUS-TBNA
needles. Although nitinol exhibits nonlinear superelastic behaviour under sufficiently high
stresses, the experimental results presented in Chapter 6 indicated that the insertion loads were
assumed to be sufficiently low for the needle to remain within its linear-elastic (austenitic)
regime. Consequently, the effects of superelasticity were neglected in the present study. As the
primary objective of the finite element model was to investigate the mechanical response of
the surrounding soft tissue rather than the structural deformation of the needle, the needle was
represented as a discrete rigid body. This modelling assumption was considered appropriate
because the expected deformation of the needle under the applied loading conditions was
negligible relative to that of the surrounding tissue, thereby improving the computational

efficiency and numerical stability of the simulations.
7.3 Finite Element Analysis Setup

Finite element analysis was conducted using a 3D coupled Eulerian—Lagrangian (CEL)
dynamic explicit model in Abaqus to evaluate the piercing behaviour of 21G needle tip
geometries. The objective of the simulation was to compare tissue deformation and insertion

performance across designs under controlled and consistent boundary conditions.

The 22G needle geometries were first modelled in SolidWorks and then imported into Abaqus,
where they were assembled with the tissue blocks. Two tissue geometries were used, depending
on the comparison. For validation against experimental insertion results with the 21G Olympus
bevel needle, a tissue block measuring 30 x 15 x 15 mm?® was used. For comparative analysis
of the Olympus bevel, double front bevel, and Acquire Franseen designs, a reduced tissue
domain of 15 x 10 x 10 mm? was used to reduce computational cost while maintaining

comparable boundary conditions.

To improve computational efficiency, symmetry about the XY plane was exploited, allowing

the models to be reduced by half without compromising accuracy.

The soft tissue and void domains were defined using a coupled Eulerian framework. Prior to

insertion, the tissue and void regions were represented as Eulerian cuboids, as shown in Figure
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7.2. The initial undeformed tissue was defined by the regions BCDESTOP (23 x 15 x 15 mm?)
and RSUTLKIJ (8 x 15 x 10 mm?), while the corresponding void regions BCDEFGHI (7 x 15
x 15 mm?®) and RSUTPONM (2 x 15 x 10 mm?®) were included to allow for material

deformation during needle insertion.

The needle geometries were modelled using Lagrangian elements and positioned centrally
within the tissue domain, with the tip aligned normal to the tissue surface. The needle was
treated as a rigid body, while the tissue was modelled as deformable. This assumption is
commonly used in insertion simulations, as it reduces computational cost while maintaining

accurate predictions of tissue deformation and stress distribution.
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Figure 7.2: Isometric views of the 3D CEL FEA needle-tissue interaction in Abaqus; (a)
geometry used for comparison with experimental results; (b) geometry used for comparison of

different needle types.
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7.3.1 Boundary Conditions

A symmetric boundary condition was applied to the EDOP, Figure 7.2 (a), and TUNM, Figure
7.2 (b), along the z-direction symmetry planes, while allowing deformation within the XY
plane. The tissue surfaces contacted by the needle tip prior to insertion were set as free,
allowing deformation in all three directions (XYZ plane). The sides and base of the tissue
blocks were constrained within a fixed region, termed the “encastre” boundary condition in
Abaqus, to represent the biological environment surrounding the lymph node and prevent free
movement. This boundary condition allows only vertical displacement in the direction opposite

to the needle insertion (positive y-direction).

The needle was constrained in the x- and z-directions while free to move in the y-direction.
Needle-into-tissue simulation was conducted using a predefined needle field at translational
speeds of 13 mm/s, 9 mm/s, 3 mm/s, and 0.5 mm/s, consistent with the experimental
procedures. Needle insertion was modelled as a rigid motion of the assembly, beginning at the

initial simulation step and continuing through the final integration step.

7.3.2 Meshing

The discretisation of the computational domain is critical to the accuracy and stability of
numerical simulations, particularly for problems involving large deformation, contact, and
multiphysics coupling. An insufficiently refined mesh may introduce discretisation errors,
whereas an excessively fine mesh can incur prohibitive computational cost without significant
improvement in solution accuracy. Therefore, a balance between numerical accuracy and

computational efficiency was required in this study.

In principle, mesh convergence is achieved by systematically refining the mesh until changes
in key output parameters become negligible. However, in the present work, a full mesh
convergence study, including successive global refinements and quantitative convergence
plots, was not conducted. This limitation stems from the high computational cost of each
simulation. A single needle—tissue insertion analysis required more than 24 hours of
computation time, and the study involved multiple geometries, insertion conditions, and
parametric variations. Therefore, a full convergence analysis across all cases was not

computationally feasible within the scope of this research.
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Instead, a mesh-sensitivity-based strategy was adopted during model development to ensure
numerical reliability while maintaining computational tractability. This approach focused on
refining the mesh in regions where steep gradients in stress, strain, and contact interactions

were expected, particularly at the needle—tissue interface.

The tissue and void regions were discretised using an 8-node linear brick element (EC3D8R)
within the Abaqus Coupled Eulerian—Lagrangian (CEL) framework. This formulation is well-
suited to large-deformation problems and is less sensitive to mesh distortion than purely
Lagrangian approaches. As shown in Figure 7.3(a—c), a locally refined mesh with an element
edge length of 0.03 mm was used in the vicinity of the needle—tissue interaction zone to
accurately capture deformation gradients and contact behaviour. Away from this region, a
graded mesh was employed, gradually increasing the element size to 0.1 mm towards the tissue

domain boundaries to reduce computational cost while preserving local accuracy.

The puncture needle was modelled using 10-node quadratic tetrahedral elements (C3D10M)
with a global element size of 0.03 mm. This element formulation provides improved accuracy
for bending- and contact-dominated problems and was selected to capture needle deformation
during insertion. The total number of elements in the soft tissue and needle domains was

approximately 4,070,000 and 981,213, respectively.

During model development, local mesh-refinement studies were conducted in the region of
interest to assess how element size affects the predicted mechanical response. Further
refinement beyond the selected configuration produced negligible changes in the qualitative
behaviour of key output variables, such as deformation patterns and insertion-force trends,
while significantly increasing computational cost. On this basis, the final mesh was chosen as

a practical compromise between numerical accuracy and efficiency.

Although a formal mesh convergence curve (e.g., solution variable versus number of elements)
is not presented, the adopted refinement strategy ensures that regions with the highest gradients
are sufficiently resolved. The graded mesh transition further minimises numerical artefacts
arising from abrupt changes in element size. Consequently, the selected mesh is considered
mesh-independent for the primary quantities of interest, and the simulation results are deemed

numerically stable for comparative analysis across all cases.
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Puncture needle C3D10M Local

(b) Soft tissu
seed

(a)

(¢) Soft tissue EC4D98SR Global
seed

Figure 7.3: Soft tissue and needle meshing: (a) puncture needle local seed size, (b) soft tissue

local seed size, (c) soft tissue global seed size.

7.3.3 Contact and Friction

The contact between meshes and bodies was modelled using the penalty contact method and a
general contact algorithm, in which the Lagrangian domain of the tissue-needle assembly is

treated as the master and the slave.

A coefficient of friction, u, was applied at the needle-tissue contact in the CEL analysis. u was
derived from the needle insertion experiments described in Chapter 6, while the mechanical
properties were obtained through mechanical testing and curve fitting, as described in Chapter
4. Tables 6.1 and 4.1 summarise the hyperelastic model coefficients and u parameters for each

soft material and insertion speed.

7.4 Results

Figure 7.4 outlines the steps of the 3D puncturing process and shows the contact stress between
the 21G Olympus bevel and PVA hydrogel, chicken breast, and porcine lung lymph node at 13
mm/s, 9 mm/s, and 3 mm/s. As expected, the initial contact between the needle and tissue

produced relatively insignificant stress, and no tissue was cut. Contact stress typically varies
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between the tissue and the puncture needle. Compared with PVA hydrogel and chicken breast,
porcine lung lymph nodes exhibited the highest contact stress, 30.2 kPa. Moreover, contact

stress increased as the insertion speed decreased.
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Figure 7.4: 21G Olympus single-bevel needle insertion into soft materials at (a) 13 mm/s, (b)
9 mm/s, and (c) 3 mm/s, showing the contact stress, (I) PVA hydrogel, (II) chicken breast, (I1I)

porcine lung lymph node

The three phases of the complete needle insertion simulation are illustrated in the stress

analysis across different puncture depths and needle types. The three stages comprise: the first
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contact between the puncture needle and the tissue, the complete entry of the needle tip into

the tissue, and the needle’s penetration to a depth of 30 mm.

An example of the force-displacement characteristic of the 21G needle inserted into the porcine
lung lymph node is shown in Figure 7.5. The FEA reaction force graph exhibits a characteristic
multi-phase shape commonly observed in experiments on needle insertion into soft biological
tissues (Chapter 6), arising from the sequential interactions between the needle tip, shaft, and

tissue.

Initially, in region (a), the needle passes through a void with no assigned tissue properties,
producing a negligible reaction force. Point A marks the first contact between the needle tip
and the tissue surface (region (b)), after which tissue puncture begins. During this phase, stress
builds at the needle tip as the tissue resists penetration, causing a rapid rise in reaction force.
As insertion continues (region (c)), the reaction force increases nonlinearly due to tissue
deformation ahead of the needle tip and rising friction along the outer wall of the needle shaft.
The growing contact length between the needle and tissue increases frictional forces, which
dominate the overall reaction force as penetration depth increases. After complete penetration
of the needle tip, a local reduction in reaction force is observed; however, this drop is relatively
small compared with the overall force magnitude and is therefore less visually pronounced in
the force-displacement curve. Continued insertion produces a steady increase in reaction force
until the peak force Fi is reached. As the needle exits the tissue (region (d)), the contact area
and frictional force decrease, reducing the reaction force to F». The total reaction force,
therefore, comprises the force exerted by the needle tip during tissue deformation and the

frictional force acting along the needle shatft.
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Figure 7.5: 21G bevel needle insertion into the lymph node, modelled with FEA, at different
phases. (a) no contact phase, (b) first contact between the needle and the tissue, (c) needle tip
travelling through the tissue until reaching the peak force Fi, (d) needle exiting the tissue and

producing a force F».

The reaction force-puncture depth (i.e., displacement) characteristic obtained was not smooth.
As the puncture depth increased, the force-depth curve exhibited multiple sudden drops.
Ideally, the curve should be linear. This phenomenon is believed to arise from tissue

irregularities observed during the experiments.

7.4.1 21G Olympus Bevel Needle Insertion into Soft Materials: Comparison

Between FEA and Experiment

To evaluate the predictive capability of the finite element (FEA) model, simulations of 21G
Olympus bevel needle insertion into PVA hydrogel, chicken breast, and porcine lung lymph
node tissues were compared with experimental results reported in Chapter 6. Three insertion
speeds (13 mm/s, 9 mm/s, and 3 mm/s) and three representative insertion depths (7 mm, 26.5
mm, and 28.5 mm) were analysed, as shown in Figure 7.6 and in Appendices 7.1-7.2. These
depths correspond, respectively, to the initial full penetration of the needle tip, an intermediate

deformation stage, and the onset of peak tissue resistance prior to needle exit.
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The deformation and stress distributions were extracted directly from the finite element outputs
using the von Mises stress and displacement fields. As shown, Figure 7.6, the highest
deformation levels consistently occur within the needle lumen, where tissue is constrained by
the inner wall of the needle. This confinement induces localised compressive deformation,
leading to inward material flow into the lumen, consistent with the mechanism of tissue capture

during biopsy procedures.

An axial-symmetry boundary condition was applied along the needle’s longitudinal axis to
reflect the system’s geometric symmetry and the controlled alignment of the insertion during
testing. As a result, the simulated stress and deformation fields exhibit symmetric distributions
across the needle’s cross-section. This assumption enables computational efficiency while

maintaining sufficient fidelity for predicting macroscopic forces and deformations.

The evolution of tissue deformation is strongly influenced by insertion depth and friction
between the needle and the surrounding material. At shallow penetration depths, deformation
is dominated by localised compression at the needle tip. As insertion progresses, frictional
forces along the needle shaft increase with the expanding contact area, promoting progressive
material transport into the needle lumen. This results in greater internal deformation relative to

the surrounding tissue, particularly in soft tissues.

Insertion speed was found to significantly affect both stress distribution and tissue deformation
behaviour. Higher insertion speeds generally reduce the extent of stress diffusion in the
surrounding tissue while promoting greater tissue entry into the needle lumen. Conversely,
lower insertion speeds are associated with more pronounced stress accumulation in the
surrounding matrix and reduced lumen filling. Although tissue capture volume was not directly
measured, simulated lumen occupancy was used as a comparative indicator of relative tissue-
capture efficiency across conditions. These results suggest that moderate insertion speeds may
provide a balance between limiting excessive tissue stress and promoting effective tissue

acquisition.
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Figure 7.6: 21G needle insertion into porcine lung lymph nodes, indicating 4 stress changes
and tissue yield at depths of (a) 7 mm, (b) 26.5.5 mm, and (c) 28.5 mm, and at insertion speeds
of (I) 13 mm/s, (II) 9 mm/s, and (III) 3 mm/s.
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The force exerted on soft tissue by the biopsy needle was difficult to measure directly;
therefore, because the needle's reaction force corresponds to the force experienced by the tissue,
the force on the soft tissue was analysed using the needle's reaction force. To verify model
accuracy, the experimental results reported in Chapter 6 were compared with FEA predictions.
The comparison of the FEA and the experimental results for the 21G Olympus bevel needle in
PVA hydrogel, chicken breast, and porcine lung lymph node at 13 mm/s, 9 mm/s, and 3 mm/s
is presented in Appendix 7.3, Appendix 7.4, and Figure 7.7. The blue curves represent the
experimentally measured force, while the orange curve represents the force predicted by the

simulation.

As shown in Figure 7.7(a-c), the experimentally measured values are consistently slightly
higher than those predicted by the FEA model. Although deviations are observed in the
maximum force values, the overall patterns in the displacement at which the maximum force
occurs and the force-displacement curves remain in good agreement. The higher experimental
forces are likely due to factors not fully captured by the FEA model, such as gravitational
loading on the needle, simplified boundary conditions, small vibrations from the testing rig,
and environmental effects. Additionally, real needle-tissue interactions, such as friction and

adhesion, may further increase the measured reaction force during testing.

During the puncture process, the force-displacement curve shows several drops in gradient,
even though the overall force increases monotonically with displacement. Two primary
mechanisms were identified through experimental observation: needle vibration during
insertion and interaction between the needle and the soft tissue. Force fluctuations arising from
tissue-needle interaction are more pronounced than those caused by needle vibration. The
interaction between the tissue and the puncture needle is analogous to a cutting process, in
which tissue adhesion at the needle tip leads to the formation of a soft-tissue build-up edge.
The presence of this build-up edge results in nonlinear growth of the reaction force, followed
by a sudden drop when the build-up edge disappears. This process repeats throughout the
puncture, with the frequency of sudden force drops corresponding to repeated formation and
disappearance of build-up edges. Increasing the insertion speed leads to more frequent
formation and disappearance of build-up edges, resulting in more frequent sudden force drops

and reduced puncture stability.

192



Chapter 7: Finite Element Modelling of Needle Insertion into Soft Materials
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Figure 7.7: 21G single-bevel needle insertion into porcine lung lymph nodes at: (a) 13 mm/s,

(b) 9 mm/s, and (c) 3 mm/s. Comparison of FEA and experimental results.

Quantitative comparison of peak insertion forces (F1) between FEA and experimental results
is summarised in Table 7.1. Overall, the model shows good predictive agreement across all
tested conditions, with percentage errors ranging from below 1% to 13%, depending on
material type and insertion speed. The smallest discrepancies were observed in PVA hydrogel,
indicating strong model performance for homogeneous and mechanically consistent materials.
In contrast, larger deviations were observed in biological tissues, particularly chicken breast
and porcine lung lymph nodes, reflecting greater structural heterogeneity and nonlinear

mechanical behaviour that the model’s constitutive assumptions do not fully capture.

Among all materials, porcine lung lymph node tissue consistently showed the largest
discrepancy between experimental and numerical results across all insertion speeds. This trend
is evident in both peak force values and overall force—displacement behaviour. The increased
discrepancy is attributed to the highly heterogeneous microstructure and variable mechanical
response of lymphatic tissue, which introduces additional complexity not fully captured by the
current modelling framework. This behaviour aligns with trends observed across the dataset,

where model accuracy decreases systematically with increasing biological complexity.
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Overall, the comparison between experimental data and FEA predictions shows that the
developed model accurately reproduces the key mechanical features of needle—tissue
interaction, while also highlighting specific limitations in capturing the full complexity of
heterogeneous biological tissues. These findings validate the model for predictive simulation
and identify lymph node tissue as the most challenging case for accurate numerical

representation.

Table 7.1: Comparisons of peak forces: FEA vs Experimental

Insertion 13 mm/s 9 mm/s 3 mm/s
Speeds

Materials FEA | Experimental | FEA | Experimental | FEA | Experimental

[Stdv] [Stdv] [Stdv] [Stdv] [Stdv] [Stdv]
3.651 3.800 4383 4344 4.938 4.567
(N) (N) (N) (N) (N) (N)

[1.174] | [1.282] [1.311] | [1.107] | [1.891]| [1.830]

% 3.92 0.898 8.12
Differences
Chicken 5.391 4.750 5.687 4984 5.944 6.057
B t
reas (N) (N) (N) (N) (N) (N)

[1.714] | [1.657] | [2.073]| [1.964] [2.145] | [2.397]

% 13.49 13.11 1,87
Differences
Lymph 6.182 5.587 6.915 6.195 7.752 6.879
Nod
odes (N) (N) (N) (N) (N) (N)

[2.028] | [1.936] | [2.505]| [2.215] [2.591] | [2.471]

% 10.65 11.62 12.69
Differences
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7.4.2 Comparison of 22G Needle Tip Geometries into Soft Materials

This section compares the mechanical performance of three 21G needle tip geometries, namely
Olympus single bevel, double front bevel, and Acquire Franseen, during insertion into porcine
lung lymph node tissue. The comparison is based on CEL FEA and focuses on tissue

distribution, maximum insertion force, tissue capture, and the effect of insertion speed.

The CEL FEA model captures the full insertion process, including initial tissue indentation,
fracture initiation at the cutting edges, progressive penetration, frictional sliding along the shaft,
and tissue displacement into the needle lumen. Tissue behaviour is represented using large-
deformation mechanics within an Eulerian framework, with von Mises stress quantifying tissue
stress arising from deformation and tissue fraction within each Eulerian element. Stress
concentrations develop at the cutting edges, increase with insertion depth until the maximum
force is reached, and then decrease as the needle exits the tissue. This modelling framework
enables direct comparison of how needle geometry influences insertion resistance, stress

distributions, and tissue capture.

Figure 7.8 presents von Mises stress distributions for three needle geometries inserted into
lymph node tissue at an insertion speed of 13 mm/s and a total displacement of 12 mm. The
analysis begins at the initial contact point between the needle and the tissue and ends just before
the needle exits. Tissue stress was calculated using von Mises stresses derived from
deformation and tissue fraction within each Eulerian element. At depths of 0-2.5 mm, the tissue
remained undeformed, with no stress observed, as the needle passed through a void region. The
insertion of the Olympus single bevel needle is illustrated in Figure 7.8(I) - (a to d). Initial
contact at 2.5 mm, Figure 7.8(I) - (a), caused local fracture and indentation with a stress of 30.2
kPa and no tissue penetration. At 4 mm, Figure 7.8 (I) - (b), the leading and trailing edges
penetrated the tissue, resulting in a stress of 48.2 kPa and a small tissue displacement into the
needle lumen. Maximum stress of 54.7 kPa and a force of 7.10 N occurred at a depth of 8.5
mm, Figure 7.8(I) - (c). Stress decreased slightly before the needle exited at 9.5 mm, with a
stress of 54.6 kPa, Figure 7.8(1) - (d).

The insertion of the double bevel needle, which has two cutting edges, is shown in Figure
7.8(II) - (a to d). The initial contact point of the needle’s first cutting edge with the tissue was

established at approximately 2.5 mm, Figure 7.8(Il) - (a). This caused tissue fracture and
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indentation, inducing a contact stress of around 6.98 kPa, Figure 7.8(Il) - (b). In comparison
with the single-bevel needle, the double-bevel exhibited lower maximum stress and peak force,
F1, with values of 21.7 kPa and 5.67 N, respectively (Figure 7.8(II) - (¢). A stress level of 11.5
kPa was induced by the needle just before the leading edge exited the tissue, Figure 7.8(1l) -

().

The insertion of the Acquired Franseen needle is shown in Figure 7.8(III) - (a to d). It features
three symmetrical cutting edges and exhibits a distinct interaction mechanism. Tissue capture
occurred during the initial contact phase, Figure 7.8(IIl) - (a), with a stress of 4.04 kPa at a
depth of 2 -2.5 mm. At 4 mm, penetration by all three cutting edges induced a stress of 6.34
kPa and resulted in significant tissue displacement into the lumen, Figure 7.8(IIl) - (b). The
maximum stress, 14.9 kPa, and maximum force of 4.60 N, were the lowest among the three
needle tip designs, Figure 7.8(III) - (c). Just before exit at approximately 10 mm, the stress
reduced to 1.456 kPa, Figure 7.8(I1I)- (d).

Expanded visualisation of the Franseen needle, Figure 7.9, at a depth of 8.5 mm and at the
maximum stress and force of 14.9 kPa and 4.60 N, respectively, highlights the volume of tissue
captured within the lumen, demonstrating that multiple cutting edges promote inward tissue

displacement and improve tissue acquisition.
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Figure 7.8: 21G needle tip geometries inserted into lymph node tissue at 13 mm/s: (I) Olympus

bevel; (II) double bevel; (IIT) Acquire Franseen, showing tissue stress and tissue sample length

at different depths; (a) 2.5 mm; (b) 4 mm; (c) 8.5 mm; and (d) 9.5 mm.
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Figure 7.9: Enlarged visualisation of the Franseen needle at a depth of 8.5 mm under maximum

stress and force of 14.9 kPa and 4.60 N.

While stress contour plots provide a visual representation of the stress distribution, maximum
insertion forces offer a more precise quantitative basis for comparing needle performance.
Figure 7.10, presents maximum force comparisons across insertion speeds for all needle-tip
geometries. Across all speeds, the Acquire Franseen needle consistently showed the lowest
maximum force, followed by the double bevel and single bevel needles. This confirms that

increasing the number of cutting planes reduces insertion resistance and tissue stress.
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Figure 7.10: Peak force comparison of 21G single bevel, double front bevel and Franseen
needle insertions into lymph nodes at different insertion speeds: (a) 13 mm/s, (b) 9 mm/s, and
(c) 3 mm/s.

The differences observed between needle geometries can be explained by variations in tip-
tissue interaction mechanics, which are governed primarily by the number, orientation, and
distribution of cutting edges. In the single bevel geometry, the applied load is concentrated
along a single dominant cutting plane, resulting in higher localised stress at the tissue interface.
This increases tissue compression before puncture and leads to greater resistance during initial

penetration, which is reflected in higher peak stress and force values.

In contrast, the double bevel and Acquire Franseen geometries distribute the applied load across
multiple cutting edges, increasing the effective cutting perimeter and reducing stress
concentrations at any single contact point. This promotes a transition from a predominantly
compressive deformation mode in the tissue to a more efficient shear-dominated cutting failure,

thereby reducing insertion resistance and lowering peak stresses throughout insertion.

In particular, the Acquire Franseen needle, with its three symmetrically arranged cutting edges,
provides a more uniform and isotropic stress distribution at the tip. This reduces directional
bias during penetration, improves path stability, and minimises localised strain accumulation.
As aresult, it consistently demonstrates lower insertion forces and reduced variability in stress

response compared with bevel-based geometries.
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Table 7.2—7.4 summarises the relationship between insertion speed and tissue stress at initial
contact, at maximum insertion depth, and just before exit. Medium insertion speeds of 13-9
mm/s consistently produced lower maximum stress and more stable force profiles than the
slower 3 mm/s insertion. This behaviour reflects a balance between tissue viscoelastic
relaxation at low speeds and increasing resistance associated with prolonged tissue
deformation. At very low speeds, time-dependent tissue relaxation allows greater deformation
before cutting, increasing stress accumulation. In contrast, at higher (medium) speeds, insertion

occurs more efficiently, with less deformation time, resulting in lower peak stresses.

Based on these findings, medium insertion speeds are recommended for controlled needle

insertion as they minimise tissue stress while maintaining consistent penetration behaviour.

Table 7.2: Relationship between contact stress in kPa and insertion speed into lymph nodes for

different needle types.
13 mm/s 9 mm/s 3 mm/s
Olympus Bevel 30.2 89.6 135.2
Double Bevel 6.98 23.02 68.2
Acquire Franseen 4.04 5.24 9.21
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Table 7.3: Relationship between peak stress in kPa and insertion speed into lymph nodes for

different needle types.
13 mm/s 9 mm/s 3 mm/s
Olympus Bevel 54.7 111 149
Double Bevel 21.7 23.0 68.6
Acquire Franseen 14.9 21.8 31.4

Table 7.4: Relationship between stress before exit in kPa and insertion speed into lymph nodes

for relationship between different needle types.

13 mm/s 9 mm/s 3 mm/s
Olympus Bevel 55.6 89.3 386
Double Bevel 11.5 28.8 65.7
Acquire Franseen 1.46 15.0 18.3

In summary, needle tip geometries have a significant impact on insertion mechanics and tissue
acquisition. Increasing the number of cutting edges reduces stress concentration at the tissue
interface, promotes more uniform shear-driven cutting rather than compressive deformation,
and consequently lowers insertion force and tissue stress. Among the geometries studied, the
Acquire Franseen needle demonstrated superior performance, achieving the lowest peak forces
and stresses across all insertion conditions. Medium insertion speeds provided optimal
insertion behaviour and are therefore recommended for controlled tissue penetration and

acquisition.
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7.5 Summary

This chapter presented a detailed three-dimensional finite element analysis (FEA) model to
investigate needle—tissue interactions during endobronchial ultrasound-guided transbronchial
needle aspiration (EBUS-TBNA). The study focused on three needle tip designs: the Olympus
single-bevel, the double front-bevel, and the Acquire Franseen needle. These were evaluated
using representative soft-tissue models, including PVA hydrogel, chicken breast, and porcine
lymph node tissue. The computational framework employed a Coupled Eulerian—Lagrangian
(CEL) approach combined with dynamic fracture mechanics, enabling the simulation of large
deformations and progressive tissue failure without prescribing a predefined crack path or
requiring remeshing. Non-linear hyperelastic tissue behaviour was characterised using an

Ogden constitutive model, with material coefficients derived in Chapter 5.

The FEA model was validated against experimental needle insertion tests described in Chapter
6. Maximum insertion forces at insertion speeds of 13, 9, and 3 mm/s were compared with
simulation outputs, yielding percentage errors of 12.7%, 11.6%, and 10.6% for lymph node
tissue, respectively. This level of agreement demonstrates that the model can reasonably predict
insertion-force trends, tissue-deformation behaviour, and frictional interactions under the
defined experimental conditions, supporting its use as a predictive tool for the comparative

assessment of needle designs.

The primary findings of this chapter indicate that needle tip geometry plays a critical role in
determining both mechanical performance and tissue acquisition characteristics. The Acquire
Franseen needle exhibited distinct insertion behaviour, characterised by altered contact stress
distribution and modified insertion resistance compared with the bevelled needle designs. It
also produced longer retrieved tissue samples, suggesting improved sampling efficiency. In
contrast, the Olympus single-bevel and double front-bevel needles demonstrated higher
insertion forces and consistently shorter tissue samples. These results highlight that
optimisation of needle tip geometry can significantly influence both mechanical loading on

tissue and potential diagnostic yield in EBUS-TBNA procedures.

A key limitation of the present work is the controlled, idealised representation of biological
tissue behaviour in both the experimental and numerical frameworks. Although PVA hydrogel,

chicken breast, and porcine lymph node tissues provide useful approximations of soft tissue
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response, real biological tissues exhibit substantial physiological variability that is not fully
captured in the current model. In particular, tissue mechanical properties are strongly
temperature-dependent, and deviations from physiological conditions can alter viscoelastic
stiffness and fracture behaviour. Similarly, hydration and moisture content influence interfacial
friction and local compliance, thereby affecting insertion resistance and force transmission
during penetration. Furthermore, biological tissues are inherently heterogeneous and
anisotropic, comprising layered structures and fibrous microarchitectures that govern local
stress distributions and crack initiation pathways. In addition, ex vivo tissue samples may
change properties due to harvesting, storage, and preparation, including dehydration,
enzymatic degradation, and structural relaxation, all of which may contribute to deviations
between experimental measurements and in vivo behaviour. These factors collectively
introduce uncertainty when translating insertion performance from controlled laboratory

conditions to clinical scenarios.

Another limitation stems from the use of shared frictional parameters across different needle
designs, owing to the lack of dedicated experimental friction characterisation for the double
front-bevel and Franseen geometries. While this approach enables model comparability, it may

introduce minor discrepancies in predicted insertion forces and local stress fields.

In summary, this chapter demonstrates that the CEL-based FEA framework is a robust and
validated tool for investigating needle—tissue interactions in EBUS-TBNA procedures. The
model provides reliable predictions of insertion force and tissue deformation trends and enables
comparative evaluation of needle tip geometries. The Acquire Franseen needle demonstrated
favourable mechanical and tissue-acquisition performance, whereas the Olympus single-bevel
and double front-bevel designs exhibited higher insertion resistance and shorter sample lengths.
These findings address the thesis’s overarching aims by characterising lymph node mechanical
response, modelling needle insertion behaviour, and evaluating the influence of needle
geometry on sampling efficiency. Collectively, the results provide a foundation for future
optimisation of needle design to improve diagnostic yield in EBUS-TBNA, particularly when

extended to more physiologically realistic and heterogeneous tissue environments.
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8.1 Conclusions

This thesis explored the biomechanical behaviour of lymph nodes and the mechanics of needle—
tissue interaction during Endobronchial Ultrasound-guided Transbronchial Needle Aspiration
(EBUS-TBNA). The study was driven by two key gaps in existing knowledge: a limited
understanding of lymph node mechanical properties and a lack of predictive models that link
needle design, insertion mechanics, and tissue sampling effectiveness. To address these gaps,
a hybrid experimental and computational approach was developed to analyse lymph node

tissue, simulate needle insertion, and assess biopsy needle performance.

The work presented in this thesis was organised around four main objectives. The following

sections summarise how each objective was achieved, the key findings, and their implications.

8.1.1 Objective 1: Mechanical characterisation of lymph nodes and

comparison with surrogate materials

The first objective was to establish a comprehensive mechanical characterisation methodology
for lung lymph nodes and to evaluate their correlation with alternative soft materials, including

PVA hydrogel, chicken breast, and large pickled capers.

This objective was achieved through a series of displacement-controlled relaxation tests and
nanoindentation experiments conducted on ex vivo porcine lung lymph nodes. The experiments
were performed using a Biomomentum Mach-1 V500C mechanical testing system, enabling

controlled and repeatable measurement of nonlinear soft-tissue behaviour.

The results demonstrated that lymph node tissue exhibits strongly nonlinear mechanical
behaviour under compressive loading relevant to needle insertion. Constitutive model fitting
showed that the first-order Ogden hyperelastic model provided the most accurate representation

of the experimental stress—strain response across the strain range of interest.

The measured density and shear modulus of lymph nodes were 1.04 = 0.13 g/cm? and 4.88 +
0.8 kPa, respectively. These experimentally validated parameters are suitable for use in

computational modelling of needle—tissue interaction.
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Comparison with surrogate materials showed that although PVA hydrogel and chicken breast
exhibited partial mechanical similarity, neither fully replicated the nonlinear behaviour of
lymph node tissue. Large pickled capers, despite their geometric resemblance to lymph nodes,
were mechanically unsuitable as tissue analogues. These findings underscore the importance
of experimentally validated tissue models and demonstrate that morphological similarity alone

is insufficient for accurate biomechanical representation.

Overall, this objective established a robust experimental methodology for lymph node

characterisation and yielded new quantitative insights into their mechanical properties.

8.1.2 Objective 2: Development of theoretical and computational models for

needle insertion

The second objective was to develop and test theoretical and computational models capable of
identifying the phases of needle insertion, including the evolution of force and tissue

deformation behaviour.

This objective was achieved by developing a coupled Eulerian-Lagrangian (CEL) finite
element framework to simulate needle insertion into soft biological tissue. Traditional
Lagrangian formulations were found unsuitable for this application because severe mesh

distortion occurs during large deformation and fracture.

The CEL approach overcame these limitations by enabling stable simulation of puncture,
penetration, frictional interaction, and tissue separation, avoiding numerical instability. The
model reproduced the key physical stages observed experimentally, including initial contact,

tissue rupture, steady-state insertion, and needle withdrawal.

The developed framework, therefore, provides a validated computational tool for analysing
needle—tissue interactions and serves as a foundation for subsequent evaluation of needle

design and insertion parameters.
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8.1.3 Objective 3: Experimental and modelling investigation of needle—tissue

interaction

The third objective was to gain insights into needle—tissue interaction through modelling and
experimentation, with a particular focus on predicting needle behaviour, tissue deformation,

and tissue sampling length.

Experimental studies were conducted on various ex vivo soft tissues at clinically relevant
insertion speeds (13 mm/s, 9 mm/s, 3 mm/s, and 0.5 mm/s). The results showed that needle
insertion proceeds through four distinct phases: initial contact without penetration, tissue

fracture and penetration, friction-dominated insertion, and needle exit.

The findings demonstrated that insertion speed significantly affects both the force response and
tissue deformation. Specifically, higher insertion speeds reduced peak insertion forces,
increased frictional resistance, and altered tissue deformation patterns. This suggests that

dynamic effects play an important role in governing needle—tissue interaction behaviour.

The coefficient of friction was identified as a key parameter influencing both insertion force
and tissue-sampling performance. Variations in friction directly affected tissue deformation and

the effective length of the sampled tissue.

These results provide a more detailed mechanical understanding of tissue acquisition during
EBUS-TBNA and offer experimentally validated data to improve both procedural strategies

and computational models.

8.1.4 Objective 4: Influence of needle tip geometry on tissue deformation and

sampling efficiency

The fourth objective was to investigate how needle tip geometry affects tissue deformation,

insertion forces, and tissue sampling length.

This was achieved through numerical simulation using the validated CEL model, comparing
three needle designs: a conventional single-bevel Olympus needle, a double-bevel needle, and

the Acquire Franseen needle with multiple cutting planes.
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The results demonstrated that needle-tip geometry plays a crucial role in determining tissue-
interaction behaviour. In particular, the number and orientation of cutting planes significantly

influence tissue-separation mechanisms, insertion force, and sample acquisition.

The Franseen needle, which incorporates three symmetric cutting planes, achieved higher
tissue-sampling efficiency than conventional single-bevel designs. However, this improved
sampling performance was associated with greater tissue disruption under certain insertion
conditions. The results indicate that optimal needle performance requires a balance between

sampling efficiency and tissue damage.

These findings establish a direct mechanistic relationship between needle geometry and tissue-

sampling behaviour, addressing a key gap in the current understanding of biopsy needle design.

8.1.5 Overall conclusions and contribution of the thesis

Overall, this thesis demonstrates that a combined experimental and computational approach is
essential for understanding the mechanics of lymph node biopsies and for improving EBUS-

TBNA needle design.

The key contributions of this work are:

o Avalidated experimental methodology for characterising the nonlinear mechanical

behaviour of lymph node tissue.

e Quantitative insight into the roles of insertion speed and friction in governing needle—

tissue interaction.

e Development of a robust CEL-based computational framework capable of simulating

needle insertion, tissue fracture, and sampling behaviour.

o Identification of the influence of needle tip geometry on tissue acquisition

performance and tissue damage.

208



Chapter 8: Conclusions and Future Work

Collectively, these contributions provide a mechanistic and computational foundation for
optimising biopsy needle design and may support improvements in diagnostic yield during

EBUS-TBNA procedures.

8.2 Limitations of the Work

Several limitations should be considered when interpreting the findings of this thesis. Firstly,
the mechanical characterisation and needle insertion experiments were conducted on ex vivo
porcine lymph nodes collected post-mortem. Although the experimental protocols were
carefully standardised, biological variability between samples, post-mortem tissue changes,
storage conditions, and the time between tissue collection and testing may have influenced the
measured mechanical properties and insertion responses. Such variability is inherent in soft

biological tissue testing and cannot be completely eliminated.

Secondly, the study utilised healthy porcine lymph nodes rather than pathological or cancerous
human lymph nodes. Diseased lymph nodes may exhibit altered structural organisation,
stiffness, rupture behaviour, and tissue heterogeneity compared with healthy tissue. While
pathological tissue could improve clinical relevance, obtaining and testing cancerous lymph
nodes pose significant ethical, logistical, and reproducibility challenges. Consequently, this
study prioritised methodological consistency and experimental repeatability to establish a
reliable baseline framework for understanding lymph node biomechanics and needle—tissue

interaction.

Thirdly, although several surrogate materials, including PVA hydrogel, chicken breast, and
large pickled capers, were investigated as potential lymph node analogues, none fully replicated
the mechanical behaviour of lymph node tissue. Therefore, caution should be exercised when
extrapolating the behaviour of surrogate materials to clinical conditions. Nevertheless, the
comparative evaluation provided useful insight into the suitability and limitations of commonly

used tissue-mimicking materials.

Finally, the experimental evaluation of needle geometry was constrained by the availability of
clinically relevant needle types, particularly the double-bevel and Acquire Franseen needles.

Consequently, the range of geometries investigated was limited, and additional studies with a
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broader range of needle configurations would further strengthen understanding of the

relationship between needle design, tissue deformation, and sampling performance.

Despite these limitations, the experimental methodologies and computational modelling
framework developed in this thesis provide a validated foundation for future investigations into

lymph node biomechanics and for optimising EBUS-TBNA needle design.

8.3 Future Work

Following up on the achievement highlighted in the previous section, this section presents
future directions in the short, medium and long term, through which the experimental and
modelling methodologies established in this thesis can potentially be further refined and

improved.

The most practical and impactful short-term extension of this research will be to conduct
experimental and computational assessments of newly developed EBUS-TBNA needle
designs, such as the upgraded 22G and flex19G needles, which were unavailable during this
study. Testing these needles within the current framework would enable direct comparison with
existing 21G and 22G needles and provide immediate insights into design enhancements

without requiring substantial methodological adjustments.

The medium-term extension of this research will be to integrate viscoelastic tissue behaviour
into the current modelling framework. Although the present study employed hyperelastic
constitutive models, biological soft tissues also exhibit rate-dependent viscoelastic behaviour.
As a result, incorporating quasilinear viscoelastic or Kelvin-Voigt models within the CEL
framework would enable a more precise depiction of tissue deformation and rupture across

different insertion speeds.

Long-term research will involve investigating cancerous or enlarged lymph nodes to assess
pathological effects on mechanical behaviour and needle-tissue interaction. Such work requires
a biologically led, ethical approval, and controlled tissue acquisition protocols. While
cancerous tissue may introduce local changes in stiffness and heterogeneity, its influence on
the bulk mechanical response and tissue sampling efficiency remains uncertain; further

investigations beyond the scope of this thesis are warranted.
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Additionally, further studies should be conducted to improve the accuracy and predictive
capability of the computational models. This includes refining finite element analysis
parameters, such as mesh density, element interactions, and convergence criteria. Future work
could also involve direct experimental measurement of insertion force (F;) and cutting force
(F,) to validate and refine the force estimates presented in Figure 6.13. One possible approach
would be to utilise a mechanical testing system, such as an Instron universal testing machine,
in combination with high-resolution imaging during needle penetration of representative soft
tissue materials. By synchronising the force—displacement measurements with visual
identification, such as a high-speed camera capturing penetration and insertion events, it would
be possible to more accurately determine the onset of tissue penetration and to correlate these
measurements with the predicted force profiles. Such an approach would provide additional
experimental validation of the proposed modelling methodology and improve the reliability of

force characterisation during needle insertion.
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Appendix 4.1: Complete calibration process.

The different steps of a complete calibration process are as follows:

» First, install the calibration holder (a) and click the “Calibrate” button to begin load cell

calibration. This will open a window, as shown in (b), where the calibration weight (500

g-MA337) can be selected.

installed in the centre of the calibration holder.

A window will appear, as shown in (c) and (d). The calibration sample should be

» After the system acquires the calibration sample's weight, a window will appear in the

form shown in (e), and the calibration weight can then be removed.

calibration factor (f).

Once the calibration weight is removed, the system will automatically update the

(a) (b)

»® Load Cell Calibration

Calibration weight

500g-MA337

Calibration
Holder

Load Cel

® Losd Cell Selection
[ osd Cell Name
| 1sN-shi19ss2  No
| 2500 - sn: 1020891 No

Offset  Calibration Date
100222 2024-07-15
208750 2024-07-19
07 19

Activated  Calibration Factor
0997

0978

Low-pass fiter @ Order| Cutotffrequency, He| 20

@

Remove your calibration weight and click OK

OK Cancel
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Appendix 4.2: Detailed PVA Hydrogel Preparation

Ingredients

6% crystalline PVA.
200 ml distilled, degassed water.
0.01%/ 0.021g of benzalkonium chloride.

Tools

Magnetic mixer.

Temperature control heater.

Pipette.

Glass rod

Temperature meter with wire sensor.
250ml Beaker.

Glass conical flask.

Cubic mold.

Aluminium foil

PPE

Gloves.

Procedures

Weigh PVA crystals according to Table 5.1 or use formula 5.1 shown above to

determine the required concentration.

Weight the water and pour it into the glass beaker.

Use a pipette to add benzalkonium chloride to the water.
Add PVA crystals to the beaker and mix it with a glass rod.
Place the magnetic mixer inside the beaker.

Cover the beaker with an aluminium foil to prevent evaporation, putting the
temperature sensor wire inside first. The wire needs to be close to the bottom

of the beaker.

Place the beaker on the heater. Set the temperature to 50°C initially and slowly

ramp up to around 100-150°C.

Mixer setting should be at about 1-2, making sure the PVA is getting mixed
properly.

Once 80°C is reached, which could take about an hour, keep the temperature

constant for about 2 hours, adjusting the heater temperature accordingly.
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Higher concentrations of PVA will be a lot thicker and harder to mix, they
might require occasional manual mixing to ensure temperature remains

consistent throughout.

After about 2 hours, the PVA can be taken off the heat and allowed to cool
down. This can be safely placed in the fridge while covered to ensure it does

not evaporate.

The mixture can be poured into a cubic mould and subsequently placed in the

freezer for at least 12h, ensuring it is covered.

After taking it out and allowing it the thaw for 12h more, usually in the fridge,

the first cycle is complete.

Repeat the freeze process to achieve the desired cycle.
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Appendix 4.3: Complete Compression/Indentation Test Plan

Author: Lyne Raissa Mkoh

Test: Indentation / Compression test plan

Aims: Stress-strain response and mechanical characterisation of different soft materials (PVA

hydrogel, large-pickled capers, chicken breast and porcine lymph node of the lung).

1: Test tools
Equipment # Mechanical tester model Mach-1

v300c
» Sample holder
# 250 N load cell and 500g calibration

weight

# 1.5 N load cell and 100g calibration
weight

# Calibration holder

¥ Indenter adaptor.

# Indenter tips of 2 mm and 5 mm
diameter

# 125 mm and 31.75 mm Compression

flat indenter

Tools » Cutting board
Scalpel knife

v

# Sterile disposable & mm biopsy punch
(for large, pickled capers).
# Digital calliper

» Tweezer

PPE # Bluecoat
» gloves
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Sample Preparation

Cut the chicken breast and the PVA into a 20 mm x 20 mm square in the longitudinal

direction.

Using the 10 mm biopsy punch to sample the large pickled capers.

20 samples should be collected for each type of soft tissue.

Using a digital calliper, measure and record your sample twice on each side: two

measurements for the length and two for the width.

3 Choice of Indenter Tip Size

Indenter diameter (mm): The indenter tip diameter should be < 5x the sample thickness

for a proper model fit and < 1/5" of the sample width to avoid edge effects.

Indentation amplitude (mm): Indentation should be performed only within the elastic
region (< 15-20% of sample thickness). The indentation amplitude must be < indenter

radius.

4 Calibration

Before performing any type of test on the bio-momentum Mach-1 V500C, calibration is

required.

Click on the load cell bottom. It will open a window that allows the selection and
calibration of a load cell, as well as the selection of a low-pass filter to reduce noise in

the load signal.

All available load cells will be listed, and the activated column will indicate which load

cell 1s active.
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e Double-clicking any load cell will activate it, and only one can be active at a time.

e The other 3 columns are generated automatically after the calibration procedure.

e To calibrate a load cell, click the calibrate button. This will open a new window where
a calibration weight can be selected from a drop-down list (the name of the calibration

weight is usually written on the weight itself or on the bag it came in).

e Click the calibration button and follow the on-screen instructions (first install the
calibration holder, being careful not to overload the load cell, then place the calibration

weight in the middle portion).

e The calibration factor is always supposed to be within 5% of 1.00, i.e., between 0.95
and 1.05.

5 Thickness Measurement

The thickness of a sample is measured using the ‘Find contact’ function of the bio-

momentum.

a- “Find Contact”.

e The find contact function moves the stage until the available load cells are listed, and
the activated column indicates which load cell is active. It then repositions the stage

based on the selected stage repositioning option.

e The find contact can be used to measure the exact location of a sample surface or the

bottom of the testing chamber, or simply to place an indenter in contact with a sample.

e The stage should move very slowly to avoid overloading the load cell.

e The direction specified indicates whether the stage will move in the positive or negative

direction.
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In a positive-displacement system, the vertical stage will move downwards under

compression.

The stage velocity specifies the speed at which the stage will move, and this speed is

always given as an absolute value, without a negative sign.

The contact criteria correspond to the variation in load relative to the current load, not

to the absolute load value.

The stage limit corresponds to the maximum relative displacement for the ‘Find

contact’. This serves as a safety precaution for the load cell.

Stage repositioning has three options: the first is ‘none’, which keeps the stage at the
position where it stopped; the second is the stop ‘criteria + offset’, which repositions
the stage to the point where the load variation first meets the stop criteria; and the last
is ‘2X load resolution’, which repositions the stage to the point where the load variation

first meets twice the load cell resolution. This is a surface detection function.

b- Step-by-Step Thickness Measurements

Screw the sample holder onto the testing chamber.

e Using the manual controls, lower the stage at medium speed to approximately 20

mm above the sample holder.

e Lower the stage at low speed to approximately 2 mm above the sample holder.

e Find the vertical position of the bottom platen and set it as the reference by running

the test sequence.
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Table 1: Setting to measure the reference position.

Functions Parameters
Zero load No parameters
Find contact Stage axis: position (z)

Load cell Axis: Fz

Direction: Positive

Velocity: 0.001 mm /s

Contact criteria: 3.75 gf’

Stage limit: 3 mm

Stage repositioning: 2X load resolution

Zero position

Stage axis: Position (2)

Using manual control, raise the stage by at least 50 mm above the sample holder.

Using tweezers, place your sample in the centre of the sample.

Using the manual controls, lower the stage at medium speed to approximately 20

mm above the sample.

Lower the stage at a low speed to approximately 2 mm above the sample.

Perform the following test sequence to measure the thickness L, of the sample.
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Table 2: Thickness measurement

Functions Parameters
Zero load No parameters
Find contact Stage axis: position (Z)

Load cell Axas: Fz

Direction: Positrve

Velocity: 0.001 mm / s

Contact criteria: 3.75 gf.

Stage limit: 3 mum

Stage reposttioning: 2X load resolution

6 Indentation / Compression Testing

Indentation testing on the bio-momentum is performed using the ‘Stress Relaxation’ function.

a- Relaxation Function.

e The ‘stress relaxation’ function allows the generation of sequences of ramp-and-hold

displacement.

e A sequence of ramp displacements is specified by determining the number of ramps,

amplitude and velocity.

e The ramp amplitude is the relative amplitude the stage will reach.

e The velocity determines the speed at which the stage performs the ramp.

e The number of ramps corresponds to the number of identical displacement-and-hold

cycles that will be executed.

248



Appendices

e There are two ways to determine the end of each relaxation-type cycle. The first is the
fixed relaxation time, the duration of each relaxation period, expressed in seconds. The

second is the relaxation rate, expressed in gf/min.

b- Indentation / Compression Parameters

e The indentation tests will be conducted under displacement control at 4 strains: 5%,

10%, 15%, and 20%.

e For each soft tissue, 5 samples should be tested at each indentation strain (5 samples

for 5%, 5 for 10%, 5 for 15%, and 5 for 20%).

e The indentation test should follow immediately after the thickness measurement (using

the ‘find contact’ function).

Table 3: Indentation testing parameters

Functions Parameters
Zero load Mo parameters
Stress relaxation () Stage axis: position (z)

Load cell axis: Fz

Ramp amplitude: % strain * L,

Ramp velocity: 0.01 mm/ s

MNumber of ramps: 1

Stop based on: Fixed relaxation time.

Fixed relaxation time: 20s

7 Data Storage
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Create one folder titled ‘Indentation testing’.

Create three subfolders for each soft tissue being tested (large pickled capers,

chicken breast, and PVA hydrogel).

In each subfolder, create 5 additional subfolders corresponding to your 5 samples.

In each of the 5 subfolders, create a subfolder named ‘images’ (this is where you

will save pictures from the sample preparation and during the procedure).
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Appendix 4.4: Sample Preparation
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Figure 4.4.1: Compression (a, b, ¢, and d) and indentation (e, f, g, and h) of PVA hydrogel
samples at 20%, 15%, 10%, and 5% strain.
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Figure 4.4.2: Compression (a, b, ¢, and d) and indentation (e, f, g, and h) of porcine lung lymph
node samples at 20%, 15%, 10%, and 5% strain.
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Appendix 4.5: Compression and Indentation Stress-Strain Curves of various Soft Materials.
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Figure 4.5.1: Compression and indentation stress-strain curves of PVA Hydrogel at different

strains: (a) & (b) compression and indentation test results at 15% strain; (¢) & (d) compression

and indentation test results at 10% strain; (e) & (f) compression and indentation test results at

5% strain.
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Figure 4.5.2: Compression and indentation stress-strain curves of chicken breast at different
strains: (a) & (b) compression and indentation test results at 15% strain; (¢) & (d) compression
and indentation test results at 10% strain; (e) & (f) compression and indentation test results at

5% strain.
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Figure 4.5.3: Compression and indentation stress-strain curves of lung lymph node at different

strains: (a) & (b) compression and indentation test results at 15% strain; (c) & (d) compression

and indentation test results at 10% strain; (e) & (f) compression and indentation test results at

5% strain.
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Appendix 4.6: Curve Fitting in Abaqus
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G——= Test Data UNIAXIAL PVAS5%_1

Figure 4.6.1: PVA hydrogel stability evaluated by curve-fitting the test data (red) to different
hyperelastic models at various strains; Ogden model N=1 (blue); polynomial N=2 (green);
reduced polynomial N=1 Neo-Hooke model (yellow); reduced polynomial N=3 Yeoh model
(orange); polynomial N=1 Mooney-Rivlin model (black). The results indicate that the Ogden
model N=1 (blue) provides the best fit. (a) 15% strain, (b) 10% strain, (c) 5% strain.
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Figure 4.6.2: Stability evaluation of large-pickled capers using curve fitting between the test
data (red) and different hyperelastic models at various strains; (a) 15% strain, (b) 10% strain,

(c) 5% strain, (d) hyperelastic models, Arruda-Boyce (blue); polynomial N = 1 Mooney-Rivlin
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model (light green); reduced polynomial N = 1 Neo-Hooke model (yellow); polynomial N = 2
(black); Ogden model N =1 (green); experimental test data (red). The results indicate that the
Ogden model N = 1 (green) provides the best fit.

(a) [x1.E-3] MPa
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()

[3———+] ARRUDA_BOYCE BIAXIAL Chickenbreast-15_3 +---+  OGDEN_NI1 BIAXIAL Chickenbreast-15_3
G——€  POLY_NI1 BIAXIAL Chickenbreast -15_3 ®----® POLY_N2 BIAXIAL Chickenbreast -15_3
(0 bl ¢ R_POLY_N1 BIAXIAL Chickenbreast - 15_3 ez B OGDEN_N3 BIAXIAL Chickenbreast-15_3

A----- A R_POLY_N3 BIAXIAL Chickenbreast-15_3 X Test Data BIAXIAL Chickenbreast-15_3

Figure 4.6.3: Chicken breast stability evaluation by curve fitting between the test data (red)
and different hyperelastic models at various strains; (a) 15% strain, (b) 5% strain, (c)
hyperelastic models, Arruda-Boyce (blue); polynomial N = 1 Mooney-Rivlin model (light
green); reduced polynomial N = 1 Neo-Hooke model (yellow); polynomial N = 2 (green);
Ogden model N =1 (black); experimental test data (red). The results show the Ogden model N
=1 (black) as the best fit.
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Figure 4.6.4: Stability evaluation of lung lymph nodes by curve fitting between the test data
(red) and different hyperelastic models at various strains; (a) 15% strain, (b) 5% strain, (c)
hyperelastic models, Arruda-Boyce (blue); polynomial N = 1 Mooney-Rivlin model (black);
reduced polynomial N = 1 Neo-Hooke model (yellow); polynomial N = 2 (green); Ogden
model N = 1 (light green); experimental test data (red). The results indicate that the Ogden
model N = 1 (light green) provides the best fit.
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Chapter 6 Appendix
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Appendix 6.1: Needle Insertion into Soft Material Code
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19 mm (0.75") DIAMETER SUBMINIATURE

TENSION OR GOMPRESSION LOAD CELLS
STANDARD AND METRIC MODELS %

Tension/Compression g
Calibrated in Tension F
0-25 Ib to 0-300 Ib '
0-100 to 0-500 N -
1 Newton = 0.22048 b 15.(7:;:1?5“10

1 =1 %

! qbamon Newtons :::n '

1t= 1ooogg =2204 b
METRIC

LC201/LCM201 Series

Standard

LC301: 128 LN, TYP

»* Subminiature Pack . LOMS, e s 1.0, TV
for Robotic Applications, ' ero otae FsorC ymnrjeoecn
19 mm (0.75") Diameter s.s::"Of‘ﬂ__‘-‘]ZOS?""i N o

+ Dual Mounting Studs POYW.OICopRcly. .
for Easy Installation :‘,':u":“‘ O ey

v 5-Point Calibration Output Resistance: 350 =10 Q
Provided Construction: Stainless steel

Electrical: 1.5 m (5) 4-conductor &w

shielded cable with compensation board

OMEGA's LC2011L.CM201 Series
subminiature load cells are

designed for the demanding STANDARD MODELS
environment of industrial To Order
aulomahor'\ and rgbohcso ys!h a ——AEL
diameter of only 19 mm (0.75") and |__CAF
) staliiues ast Conbucticn, they: T N MODEL NO. | COMPATIBLE METERS ROD END
can fit into small systems. They 25 111 LC201-25 DP41-S, DP258-S REC-014F
deliver high accuracy and 50 | 222 LC201-50 DP41-S, DP258-S REC-014F
's":b%::i';‘u’r:"ab:g ina 75 | 334 LC201-75 DP41-S, DP25B-S REC-014F

e 100 | 445 | LC201-100 DP41-S, DP25B-S REC-O14F

300 | 1334 LC201-300 DP41-S. DP25B-S REC-014F =
SPECIFICATIONS g
Excitation: 10 Vde, 15 Vdc max o
Output: 2 mV/V nominal Mmﬁﬁ‘m'c MODELS O o
T, e N | Ib | MODELNO. COMPATIBLE METERS | ROD END .
5-Point Calibration (in Tension) 100 | 22 | LCM201-100N | DP41-S, DP258-S MREC-M6F L
0%, 50%, 100%, S0%, 0% 200 | 45 | LCM201-200N | DP41-S,DP258-S MREC-M6F E
— s-m:::z;.:sg 300 | 67 | LCM201-300N_| DP41-S, DP258-S MREC-M6F
2210 121°C (65 10 5"'5(;-';) 500 | 112 | LCM201-500N | DP41-S.DP258-S MREC-M6F
Compensated Temp Range: Comes complete with 5-point NIST traceable caldration and 59 kQ shunt data.
16 to 71°C (60 to 160°F) Ordering Examples: LC201-25, 25 Ib capacity subminiature universal load cell
Protection Class: IP54 LCM201-500N, 500 N load ceit
F-38

Figure 6.1.1: Compression Load Cell Specification.
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1
2 Author: Lyne Mkoh
3
4 This is the calibration sketch. Use it to determine the calibration_factor.. It also
5 outputs the zero_factor useful for projects that have a permanent mass on the scale in between power cycles.
[
7 Setup your scale and start the sketch WITHOUT a weight on the scalel
8 Once readings are displayed place the weight on the scale
9 Press +/- or a/z to adjust the calibration_factor until the output readings match the known weight
i@ Use this calibration_factor on the example sketch
11 Arduino pin 2 -> HX711 CLK
12 3 -> DOUT
13 5V -> VICC
14 GND -> GND
15
16 Most any pin on the Arduine Uno will be compatible with DOUT/CLK.
17
18 The HX711 board can be powered from 2.7V to 5V so the Arduino 5V power should be fine.
19
20 */
21
22 #include "HX711.h"
23
24 #define DOUT 5
25 #define CLK 2
26
27 HX711 scale;
28
29 float calibration factor =-59500; //-7058 worked for my 44elb max scale setup
EL]
31 void setup() {
32 Serial.begin(o6ee);
33 Serial.println("HX711 calibration sketch");
34 serial.println("Remove all weight from scale");
35 serial.println("After readings begin, place known weight on scale");
36 Serial.println("Press + or a to increase calibration factor™);
37 Serial.println("Press - or z to decrease calibration factor™);
38
39 scale.begin(DOUT, CLK);
40 scale.set_scale();
41 scale.tare(); //Reset the scale to @
42
43 long zero_factor = scale.read_average(); //Get a baseline reading
44 Serial.print("Zero factor: "); //This can be used to remove the need to tare the scale. Useful in permanent scale projects.
45 serial.println(zerc_factor);
46}
a7
48 void loop() {
49
ce scale.set_scale(calibration_factor); //Adjust to this calibration factor
51
52 Serial.print{"Reading: ");
53 Serial.print{scale.get_units(), 2);
c4 Serial.print(™ N"); //Change this to kg and re-adjust the calibration factor if you follow SI units like a sane person
55 Serial.print(" calibration_factor: ");
56
57 Serial.print{calibration_factor);
58 Serial.println();
59
60 if(Serial.available())
61 {
62 char temp = Serial.read();
63 if(temp == "+" || temp == 'a")
64 calibration_factor += 188;
65 else if(temp == "-' || temp == "z")
66 calibration_factor -= 188;
67 1
68 }

Figure 6.1.2: Calibration Code for Needle Insertion Experiment.
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// Author: Dr Kevin wWorall
// Modified: Lyne Raissa Mkoh

// This code is used to find out the kpeed.

#include <HX711.h>

#include <PID v2.h>

#define calibration_factor -6170@ //This value is obtained using the SparkrFun_Hx711 Calibration sketch
#define DOUT 5

#define CLK 2

HX711 scale;

int actSpeed = 3; //actuator speed @-255
int actDirection = 12; //actuator direction. 1 = forward, @ = backward

int actFB = A4; //actuator position FB. © = emm, 1023 = 1e@emm. Read from A2.
float actPos; //store and convert position to mm

int curSens = A@; //current drawn from linear actuator

float actCurrent; //store and convert current draw

float force; //convert and store force data.

float forceSetpointUpper = 4.5; //desired force value in N -- Upper Bound

float forceSetpointLower = 4.9; // desired force value in N -- Lower Bound

int comSpeed = 35; //initial commanded speed, this variable also stores commanded speed throughout

long runtime = @, endtime = @, starttime = @;
float runspeed = 9.0;

int maxvalue = @, minvalue = 9;

int dir = 1;

void setup() {
pinMode(actSpeed, OUTPUT);
pinMode(actDirection, QUTPUT);
pinMode(actFB, INPUT);

//set up serial monitor and writing to excel file
Serial.begin(9600);

//begin ADC force sensing

scale.begin(DOUT, CLK, 128);

scale.set_scale(calibration_factor); //This value is obtained by using the SparkFun_HX711_calibration sketch
scale.tare();

// serial.println("CLEARDATA");
// Serial.println("LABEL, Time, Timer, Commanded Speed, Actuator Extension, Actuator Current Draw, Force Reading");
//  Serial.print("RESETTIMER");

actPos = analogRead(actFB);

actPos = (actPos/1023)*160;

¥

void loop() {
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58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78

79
30
81
82
83
84
85
86
87
38

starttime = millis();
actPos = analogRead(actFB);
minvalue = actpPos;
Serial.print(runspeed);

Serial.print(",");

analoguWrite(actSpeed, 160); // <--- change here for different speeds

digitalwrite(actDirection, dir);
endtime = millis();

actPos = analogRead(actFB);
maxvalue = actPos;

actPos = (actPos/1@23)%10;
Serial.print(actPos);

runtime = endtime - starttime;

Serial.print(runtime);
Serial.print(",");
Serial.print(maxvalue);

serial.print(",");

Serial.println(minvalue);

runspeed = (maxvalue - minvalue)/float(runtime);

if (actPos > 9)

dir = @;

if (actPos < 3)

dir = 1;

Figure 6.1.3: Linear Speed Code for Needle Insertion Experiment
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1]
51
52
53
54
13
56
57
58
59

o Aut

This is the calibration sketch. Use it to determine the calibration_factor.. It also

hor: Lyne Mkoh

outputs the zero_factor useful for projects that have a permanent mass on the scale in between power cycles.

Setup your scale and start the sketch WITHOUT a weight on the scale

Once readings are displayed place the weight on the scale

Press +/- or a/z to adjust the calibration_factor until the output readings match the known weight
Use this calibration_factor on the example sketch

Ary
3

5V
GN

Most any pin on the Arduino Uno will be compatible with DOUT/CLK.

The HX711 board can be powered from 2.7V to 5V so the Arduino 5V power should be fine.

*/
#in

#de
#de

HX7

int
H
int

HX71

void
pi
pi
pi

/7

e
sc
sc
vold

/

duino pin 2 -»> HX711 CLK
-> DOUT

-» VCC
D -» GND

clude "HX711.h"

fine DOUT 5
fine CLK 2

11 scale;

LinActSpeed = 158;
LinActDir = 1;
1 scale;

setup() {
nMode {actSpeed, OUTPUT);
nMode (actDirection, OUTPUT);
nMode(actFB, INPUT);

set up serial monitor and writing to excel file
rial.begin(966@);

ale.begin{DOUT, CLK,128);
ale.tare();

loop() {

/ wWork out position
actPos = analogRead(Ad);
actPos = (actPos/1823)%5;

// Get additional sensing parameters

actCurrent = analogRead(A@);

reading = scale.get_units(3);

force = reading; //divided by calibration factor
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88 |

39

9@ analoghirite(actSpeed, LinActSpeed);

a1 digitalWrite(actDirection, LinActDir);

Q2

93

94 actPos = analogRead(Ad);

a5 actPos = (actPos/1823)%*5;

96

a7

98 actCurrent = analogRead(A8);

99 reading = scale.get_units(3);

188 force = reading;

1e1

182

183 5

le4 5

1@5 5

186 5
5
d

erial.print(actPos);
rial.print(",");
rial.print(actCurrent);
ri (

1

al.print
ial.print

167 n(force);
188
109
118 1
111
112
113
114
115
116 3

Figure 6.1.4: Needle insertion into Soft Material Code.
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Appendix 6.2: Actuator speed: (a) conversion from analogue to digital; (b) linear
analogue speed

(a)

relationship between the
Analogue Speed Digital Speed
(mm/s) * SD
255 12.97 +0.037
250 12.4 +0.037
245 11.84 +0.037
240 11.28 +0.037
235 10.72 +0.037
230 10.2 + 0.037
225 9.69 + 0.037
220 9.1 +£0.037
215 8.6 + 0.037
210 8 +0.037
205 7.44 £ 0.037
200 6.95 + 0.037
195 6.31 £0.037
190 5.71+0.037
185 5.1 +0.037
180 4.54 +0.037
175 3.9+0.037
170 3.2 +£0.037
165 2.54+0.037
160 2.02 +0.037
155 1.38 £ 0.037
150 0.5 +0.037

(b)

and the digital readout.

Linear Actuator Speed in mm/s
13
w 12
£l
Z
g 7
206
w5
= 4
S 3
22
1
[ ’ """
150 170 190 210 230 250
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Appendix 6.3: Comparison of Forces Profile between the 21G and 22G needles

insertion into various Soft Materials

272



Appendices

Table 6.3.1: Comparison of force profiles for insertion of 21G and 22G needles into PVA
hydrogel, chicken breast, large pickled capers, and porcine lung lymph node at 9 mm/s,
showing higher peak force Fi and outside friction force F» with the 22G needle, and higher

inner friction F; and cutting force F. with the 21G needle.

Needles Forces PVA Large Pickled | Chicken Breast | Lymph Nodes
Hydrogel | Capers

F1 (N) 4.081 16.105 5.550 5.727
(STD) [0.132] [0.117] [0.369] [0.185]
F2 (N) 3.123 13.509 3.621 3.615

22G (STD) [0.622] [0.201] 0.629] [0.568]
Fi (N/mm) | 0.348 1.725 0.51 0.609
(STD) [0.212] [0.014] [0.176] [0.253]
Fc (N) 0.850 1.13 0.712 0.565
(STD) [0325] [0.09] [0.265] [0.161]
F1 (N) 4.22 18.144 5.582 6.195
(STD) [0.04] [0.12] [0.272] [0.153]
F2 (N) 3.272 17.461 4.381 4.802
(STD) [0.383] [0.07] [0.595] [1.189]

21G
Fi (N/mm) | 0.571 3.33 0.724 0.847
(STD) [0.413] [0.325] [0.342] [0.231]
Fc (N) 1.027 1.79 0.914 0.551
(STD) [0.760] [0.17] [0.634] [0.296]
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Table 6.3.2: Comparison of force profiles for insertion of 21G and 22G needles into PVA
hydrogel, chicken breast, large pickled capers, and porcine lung lymph node at 3 mm/s,
showing higher peak force Fi and outside friction force F» with the 22G needle, and higher

inner friction F; and cutting force F. with the 21G needle.

Needles | Forces PVA Large Pickled | Chicken Breast | Lymph Nodes
Hydrogel | Capers

F1 (N) 4.644 23.529 7.199 6.338
(STD) [0.124] [0.14] [0.391] [0.183]
F2 (N) 3.289 18.261 5.276 4915

22G (STD) [0.962] [0.35] [0.921] [0.293]
Fi (N/mm) | 0.241 0.95 0.452 0.582
(STD) [0.079] [0.085] [0.212] [0.498]
Fc (N) 0305 1.871 0.509 0.279
(STD) [0.126] [0.093] [0.429] [0.145]
F1 (N) 5.081 21.235 7.327 6.878
(STD) [0.052] [0.204] [0.668] [0.638]
F2 (N) 4.484 17.737 5.452 5.388
(STD) [0.196] [0.108] [0.949] [1.378]

21G
Fi (N/mm) | 0.335 3.129 0.687 0.778
(STD) [0.452] [0.21] [0.140] [0.118]
Fc (N) 0.814 2.335 0.907 0.531
(STD) [0.682] [0.22] [0.186] [0.58]
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Table 6.3.3: Comparison of force profiles for inserting 21G and 22G needles into PVA
hydrogel, chicken breast, large pickled capers, and porcine lung lymph node at 0.5 mm/s,
showing higher peak force Fi and outside friction force F» with the 22G needle, and higher

inner friction F; and cutting force F. with the 21G needle.

Needles Forces PVA Large Pickled | Chicken Breast | Lymph Nodes
Hydrogel | Capers

F1 (N) 5.746 27.165 8.333 7.682
(STD) [0.087] [0.629] [0.446] [0.315]
F2 (N) 4.467 26.673 7.037 6.136

22G (STD) [0.697] [0.767] [0.633] [0.964]
Fi (N/'mm) | 0.204 0.9 0.408 0.456
(STD) [0.152] [0.09] [0.435] [0.318]
Fc (N) 0.189 2.05 0.317 0.565
(STD) [0.09] [0.11] [0.626] [0.161]
F1 (N) 6.117 27.043 8.526 7.760
(STD) [0.251] [0.207] [0.350] [0732]
F2 (N) 5.277 26.84 6.809 6.444
(STD) [0.461] [0.39] [0.627] [0.703]

21G
Fi (N/'mm) | 0.340 2.12 0.587 0.464
(STD) [0.345] [0.174] [0.200] [0.247]
Fc (N) 0.454 1.483 0.592 0.427
(STD) [0.494] [0.145] [0.453] [0.138]
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Chapter 7 Appendix
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Appendix 7.1: 21G needle insertion into PVA hydrogel, showing the stress changes and tissue
yield at depths of (a) 4 mm, (b) 8.5 mm, and (c) 9.5 mm, and at insertion speeds of (I) 13 mm/s,
(IT) 9 mm/s, and (I1II) 3 mm/s.

@D (In (T1II)

Von Mises Stress (Kpa) Von Mises Stress (Kpa) -
. Von Mises Stress (Kpa)
: 759 g
(Avg: 75%) (Avg: 75%) (Ave: 75%)
+2.249¢+01 +5.327e+01 +7.0556401
+2.062¢+01 +4.883¢+01 l +6.470e+01
+1.875e+01 +4.440e+01 5.880e+01
e +1.687e+01 S 43.993e+01 Bl 5205e+01
e +1.500e+01 e +3.550e+01 e +4.704e+01
(a) +1.3126+01 +3.107e+01 - H17eH01
3 +1.125¢+01 +2.663e+01 j +3.529e+01
Bl 49.373e+00 +2.219¢+01 B +2.941e+01
Ll 47.498e+00 +1.775e+01 Ll 42.356e+01
+5.624¢+00 +1.382¢+01 +1.764¢+01
+3.749¢+00 +8.877e+00 +7.840¢+00
© +1.875¢+00 +4.440e100 13850e100
« 40.000e+00 « +0.000e+00 « +0.000e+00
Von Mises Siress (Kpa)
(Avg: 75%) Von Mises Stress (Kpa) Von Mises Stress (Kpa)
Avg: 75% (Avg: 75%)
+3.613¢401 (ave: 75%) b
+3.312¢+01 +1.173¢+01 +1.099¢+02
+3.012¢+01 I +6.5760+01 I +1.007e+02
4 42.710e+01 +5.977e+01 9.160e+01
o +2.408e+01 B 45.380e+01 S +8.243¢+01
+2.108e+01 e +4.783eH01 e +7.327eH01
(b) +1.807e+01 B 830l - +6.413¢+01
+1.506e+01 :[ +3.587e+01 [ | +5.497e+01
+1.204e+01 +2.989¢+01 +4.580e+01
+9.033¢+00 L 423910401 . +3.663¢+01
1602 Z“+ o0 +1.793¢+01 +2.747e+01
-ese +1.197e+01 +1.882e+01
¢ +3.012¢+00 . +5.977¢+00 +9,100¢+00
+ 10.000e+00 < +0.000e+00 +0,000¢-+00
Von Mises Stress (Kpa)
(Avg: 75%)
Von Mises Stress (Kpa) Von Mises Stress (Kpa)
+3.164e+01 (Avg: 75%) (Avg: 75%)
+2.901e+01
12.637e+01 +6.258¢+01 +6.424¢+01
- 42.373e4+01 ::;’;Z:g: l +5.889¢+01
= +2.109¢+01 B ozeton +5.345¢+01
+1.846¢+01 1796401 [T +eB18et1
(C) +1.582¢+01 +3.657e+01 | i
I 131340401 +3.747Te+01
+1.318e+01 g +3.212e+01
B +2.611e401 | -
+1.055e+01 +2.089e+01 +2.677e+01
+7.911e+00 +LSETeHL L 21410401
+5.274e+00 +1.044e+01 +1.606e+01
+2.637¢+00 +5,225¢+00 +1.071e+01
+ +0.000e+00 + +0.000e+00 « +5.354eH00
+0,000¢+00
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Appendix 7.2: 21G needle insertion into chicken breast, showing stress changes and tissue
yield at depths of (a) 4 mm, (b) 8.5 mm, and (c) 9.5 mm, and at insertion speeds of (I) 13 mm/s,
(IT) 9 mm/s, and (I1II) 3 mm/s.

@ (1) (I10)

Von Mises Stress (Kpa) Von Mises Stress (Kpa) Von Mises Stress (Kpa)

(Avg: 75%) (Avg: 75%) (Avg: 75%)
+3.490e+01 +6.804¢+01 +8.333e+01
l +3.200e+01 l +6.236e+01 I +7.640e+01
+2.908e+01 +5.670e+01 6.943e+01
B 42,618e+01 = +5.102¢+01 B 46.250e+01
(a) o 42.3286401 443360401 455576+
— +2.036e+01 T +3.968¢+01 +4.886e+01
j +1.655e+01 | 3402401 a +4.167e+01
Bl 414540401 428346401 +3.473e+01
B ii6et01 L 422686401 Bl 927786401
+8.726¢+00 ::Zg::‘g: +2.063e+01
+5.818¢+00 4 +1.339e+01
| +2.908¢+00 +5.670e+00 +6.943¢+00
« +0.000e+00 +0.000¢+00 « +0.000e+00

Von Mises Stress (Kpa)

Von Mises Stress (Kpa)

(Avg: 75%) (Avg: 75%)

Yon Mises Stress (Kpa)

)
o
+4.065¢+01 +0.088e+01 +1.374e+02
658401 +8.264¢401 I 11281640
32526401 T 1436 FLUSeHR
(b) - £2.845¢H01 S H6.609eH01 B HL005eH2
+2.439¢+01 +5.784e+01 e 49,7240+01
420326401 g sl | 15323213}
L +H1.626e401 +4.132e+01 | +6.H0e401
+1.219¢+01 +3.304e+01 449120401
+8.129¢+00 +2.479%+01 +3.684e+01
« +4.065e+00 +1.640e+01 +2.456e+01
o +0,000e+00 . +B8.263e+00 +1.228e+01
. H0.000e+00 + +0.000e+00
Von Mii(‘s S;l_'(;ss (Kpa) Von Mises Stress (Kpa)
Avg: 1D g TR,
(Avg: 75%) (Avg: 75%) Von Mises Stress (Kpa)
+4.837e+01 +8.608¢+01 (Avg: 75%)
I +4.435e+01 l +7.892e+01 41,055¢402
+4.403¢+01 +1.172e+01 l +9.428e+01
S 43.658eH01 S 46.456e+01 +8.398e+01
o $3.628e+01 e +5.740eH01 47169401
(c) +3.225¢+01 45,020e+01 e +6.039+01
3 +2.282e+01 3 +4.304e+01 B 508901
b R2A19e1 b +3587e401 B e
L +1613e+01 - +2.869e+01 O Gl
+1.219¢+01 +2.152e+01 29950401
+1.209¢+01 I +1435e+01 I 159701
o +4,033e+00 +0.712e+00 +1.298¢+01
. +0.000e+00 + +0.000e+00 +0.000¢+00

278



Appendices

Appendix 7.3: 21G single-bevel needle insertion into PVA hydrogel at (a) 13 mm/s, (b) 9

mm/s, and (c) 3 mm/s: Comparison of FEA and experimental test results.
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