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Abstract

The field of medical robotics has witnessed a surge in the application of needle
insertion robots for tumor diagnosis and treatment. Traditionally, these
systems predominantly rely on image guidance for tumor localization, which
often results in extended procedure durations and can potentially cause side
effects, such as excessive exposure to radiation from CT scans. This research
proposes an innovative approach that estimates tumor stiffness based on the
forces experienced during needle insertion, thereby reducing the dependence
on imaging. A one-degree-of-freedom (1-DOF) needle insertion robot is
designed for this purpose. To facilitate realistic testing, a liver phantom
with varying tumor stiffnesses is developed, designed to closely emulate the
properties of a human liver and its tumors. The robot conducts a series of
experiments, inserting a needle into the phantom which contains single and
double tumors. A force sensor attached to the needle records the forces
experienced during each insertion. This approach could potentially lead
to more efficient methods for tumor detection and treatment, reducing the
reliance on imaging and thereby minimizing the associated drawbacks. The
study also delves into the design and functioning of the robot, ensuring it is
user-friendly and intuitive. Preliminary dry runs were conducted to ascertain
contact forces, which were then employed as an offset during the needle
insertion procedure. The integration of the force sensor with the needle is
of paramount importance in the design. The study also investigates the
influence of the material composition of the liver phantom on force readings
by comparing two phantoms made of different materials, ecoflex and gelatin.
The results provide insights into tissue stiffness and the complex interaction
of forces during needle insertion, laying the groundwork for further study
and improvements to current procedures. Ultimately, this approach could
be a valuable resource for comprehending and improving needle insertion
techniques.
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Chapter 1

Introduction

Given the prevalence of liver tumors worldwide, early and accurate detection
of these tumors has also become a critical area of focus in the medical field.
Early detection can significantly improve a patient’s chances of overcoming
the disease. One of the most common site for carcinogenic tumors as well as
non-carcinogenic tumors is the liver, which has therefore gained substantial
attention from researchers in the field [1]. The complexities associated with
liver-related medical interventions are diverse. These challenges include:
the difficulty of early detection due to the lack of specific symptoms, the
possibility of misdiagnosis due to the complicated structure of the liver, the
risk for quickly spreading tumors, and the difficulties of various treatment
options, such as surgery, chemotherapy, and radiation therapy. Moreover,
individuals diagnosed with liver cancer often face a challenging prognosis.
These challenges point to the urgency of improving the diagnostic and
treatment methods, thus adding to the relevance of this research [2].
Amidst these challenges, advancements in other medical areas offer potential
solutions.

In recent years, designing and creating robotic systems for medical
operations have garnered significant interest. As needle insertion operations
typically require high level of precision and accuracy to avoid damaging
vital organs or tissues, many current insertion techniques concentrate on
developing robots, particularly for these procedures. These needle insertion
robots have proved crucial in the context of hepatic biopsies and medical
applications. Liver biopsy is one of the main techniques that incorporates
needle insertion robots for liver tumors diagnosis [3]. With the current
advancements in medical robots, surgeries have transformed to provide more
accuracy, minimal invasiveness, and being less tremor-prone [4].
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Chapter 1: Introduction

1.1 Problem Statement

In the practice of medicine, an accurate assessment of tissue stiffness can
be crucial for diagnosis, treatment planning as well as monitoring [5].
Clinical practitioners have traditionally relied on palpation or imaging
techniques to assess tissue stiffness [6]. However, these methods often
lack the precision necessary to capture the intricate mechanical properties
of tissues [7]. This lack of precision can lead to potential tissue damage
during needle insertions. During surgical procedures, a surgeon’s tactile
feedback, may not always capture the nuanced variations in tissue properties.

Various types of image guided techniques are used for tumor detection
in the medical field. However, these procedures can be ineffective and error
prone because of the two dimensional nature of the scans generated as well
as the time taken for these scans [8]. Additionally, while inserting the needle,
the computational load and picture quality variations during the image
guided procedures, may result in tissue injury or trauma [9]. It should also
be noted that one of the primary image guiding techniques, the Computed
Tomography (CT) Scan [10], exposes the patient to an excessive amount
of radiation throughout the process and lacks real-time feedback [11]. A
surgeon using needle insertion method can avoid exposure to radiation by
reducing the number of scans and relying more on force feedback required
for the treatment. This adds to the significance of this research.

Elaborating on the challenge mentioned earlier, in image-guided needle
biopsy procedures, it is difficult to sense the subtle changes of forces applied
to the needle upon contact with the tissue that are difficult to be identified
by the physician. These challenges point to a clear need for a more precise
method. A potential solution is a robot that performs needle insertions and
measures the force to assess the tumor’s stiffness. However, this strategy
has not been extensively studied.

This study aims to fill this gap by investigating the use of a needle
insertion robot to measure the forces between the needle and the tissue during
insertion. The forces are also evaluated to estimate the stiffness of these
tumors. Overall, this thesis delves into the exploration of tumor stiffness in
relation to these forces. It presents a method for determining this stiffness,
and includes an examination of how force behavior changes when varying
stiffness is present in the liver.
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Chapter 1: Introduction

1.2 Proposed Study

Most of the research about needle insertion robots heavily rely on image
guidance to accurately locate and target tumors. This dependence on
imaging can lead to patient trauma, extended procedure times, and
increased costs. The proposed study aims to explore an alternative approach
to tumor detection using a needle insertion robot. Specifically to investigate
the possibility of detecting tumors and determining their mechanical
properties based on the forces experienced during needle insertion, without
the need for image guidance.

This research aims to advance minimally invasive surgery by integrating
force sensors for enhanced tumor detection and treatment as discussed in
[12]. These procedures have revolutionized surgeries making them more
reliable [13] [14]. This study proposes, designing and developing of a
one degree-of-freedom (1-DOF) needle insertion robot with integrated force
sensing. For the purpose of the experimental testing, a liver phantom with
varying stiffness is fabricated to closely mimic the properties of a real human
liver and tumors. Different experiments will involve the robot penetrating
through this phantom, with a force sensor recording exerted forces during
insertions. The primary aim of this research is to explore the potential use
of force sensors in tumor detection by reducing the reliance on imaging and
thereby minimizing the associated drawbacks. Challenges and limitations of
this approach will be analyzed. The integration of force sensors in robotic
systems promises enhanced medical procedure efficacy and safety, enabling
real-time tissue identification and revolutionizing surgical interventions.

1.3 Research Question

Based on the problem statement, this study aims to focus on the following
main research question:
How can forces be utilized to measure the variation in different
tissue stiffness during a 1 DOF needle insertion procedure in a
slave configuration system for liver interventions?
The main research question is further elaborated by the following related
sub-research questions:

• How efficiently does the 1-DOF device recognize different materials
within a healthy tissue of the liver?
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Chapter 1: Introduction

• How does the material composition of the liver phantom influence the
force readings obtained by the 1-DOF needle insertion robot?

• How does the proposed approach detect successive changes in material
during single insertion?

1.4 Overview of the thesis structure

This thesis is composed of six major chapters, followed by a references and
appendices. Chapter 2 presents a thorough overview of relevant theories
and research, highlighting tumor detection methodologies, robotic needle
insertion systems with force sensing, and liver phantom studies. Chapter
3 details the design of the 1-DOF robot, the fabrication of the phantom
with tumors, and delves into the mathematical model for the forces. This is
followed by Chapter 4, which outlines the experimental setup and procedure.
The subsequent chapters present the findings and implications of the study.
Chapter 5 then presents the discussion of the results. Finally, Chapter 6,
serves as the conclusion, summarizing the key findings and their implications
as well as the future scope of this research. Each chapter contributes to
the overall narrative and findings of the thesis, ensuring a comprehensive
exploration of the research question.
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Chapter 2

Literature Review

This chapter covers a comprehensive review of previous research and
literature in the domain of needle insertion using force-sensing capabilities for
tumor detection. As the focus of this research is on a robotic device designed
for tumor detection through needle insertion, the literature emphasizes tumor
detection methodologies and state-of-the-art robotic systems equipped with
force-sensing capabilities. The research also highlights the fabrication of liver
phantoms and the significance of their use in simulating real-life scenarios for
testing.

2.1 Tumor Detection Methods

As discussed in Chapter 1, over the past few years, various procedures
and techniques for liver tumor detection and characterization have been
developed. The imaging tests that are used for liver tumor diagnose can
be broadly classified into three categories: Ultrasound (US), CT Scan, and
Magnetic Resonance Imaging (MRI) [15]. Ultrasound, is a non-invasive and
widely available imaging technique which uses high-frequency sound waves
to generate images to visualize and characterize liver tumors which is seen
in figure 2.1 [16]. Francis A. Duck elucidates several challenges associated
with ultrasound imaging, including heating, acoustic cavitation, gas-body
effects, and radiation pressure [17]. In addition to this, ultrasound may
not detect certain hepatic tumors due to their diminutive size, location, or
echogenicity [18].
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Chapter 2: Literature Review

Figure 2.1: Ultrasound Scan [19]

CT Scan involves taking a scan of the liver where it uses an x-ray
machine linked to a computer to capture detailed images of internal body
areas. However, it also poses challenges related to extensive radiation
exposure associated with CT Scan can do more harm than good in certain
situations [20]. The detectability of liver tumors using CT scans decreases
with reduced radiation doses from standard to low levels. This was observed
in a study, which highlighted the case of a 65-year-old woman with a typical
BMI diagnosed with a 0.9 cm Hepatocellular Carcinoma (HCC) [21]. While
the tumor in this case was identifiable in both standard and low-dose
CT scans, it remained undetected in ultra-low-dose scans. Such findings,
illustrated in figure 2.2, suggest that even moderate size malignancies like
a 0.9-cm hepatocellular carcinoma can elude detection in ultra-low-dose
scans, underscoring the limitations of CT scans at higher radiation levels
and potential overexposure risks.

Another commonly employed image guidance method, MRI, uses
magnetic fields and radio waves to produce high-resolution images of the liver,
enabling the detection, characterization, and monitoring of tumors. However,
the strong magnetic field, radio frequency signal interactions, and rapidly
changing gradients in the MRI environment present significant challenges for
the development of MRI-compatible robots [22]. Despite its accuracy, the
procedure can be lengthy because it involves an iterative process. In this
process, the needle is incrementally moved towards the target lesion, with
multiple scans taken to verify its position, requiring occasional adjustments
of the needle’s position [23] [24] [25]. This method, combined with possible
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Chapter 2: Literature Review

Figure 2.2: CT Scan of liver with HCC [21]

disturbances from patient motion and the extended time of the procedure,
can impact patient ease and adherence, and the significant expense poses an
additional challenge.

2.2 State of Art

In this section, five state of art needle insertion robots along with the
key components from literature are presented. In the development and
application of force sensing and control techniques for robot-assisted needle
insertion, Yang et al. conducted a survey on force feedback and control,
discussing various techniques for modeling, identifying, and controlling the
forces involved [26]. These advancements aim to minimize tissue deformation
and needle deflection while providing the operating surgeon with a direct
sensation of operation and control over the surgical tools. In this paper,
Yang et al. proposed a force feedback control approach for robotically
guiding a needle into layered soft tissues [27]. They integrated a fiber optic
force sensor at the needle tip to provide feedback to the control system
during needle insertion as shown in figure 2.3. Using the wavelet transform
approach, they analyzed the interaction force patterns with different types
of soft tissues. Experimental tests were conducted on a phantom of porcine
belly tissue with different layers of tissue which can be seen in figure 2.4,
comparing the outcomes with and without force feedback. The results
showed that the feedback strategy reduced insertion force, thus minimizing
tissue deformation or damage.
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Figure 2.3: Needle insertion robot by Tangwen Yang et al. [27]

Figure 2.4: Porcine belly tissue [27]

In contrast to using a force sensor at the base of the needle, Washio et
al. attached a pair of coaxial sensors to the needle and sheath to observe
changes in the force profile, enabling the detection of the needle puncture
with high sensitivity and robustness [28]. This method also provided
the distinct advantage of enabling the sensor to differentiate between
forces exerted at the needle’s tip and those along its shaft. The authors
conducted experiments to validate the sensor’s performance, testing its
puncture detection specificity under cardiac and respiratory movements
and comparing its sensitivity with subjective experience using video-based
detection. The sensor demonstrated higher sensitivity, even detecting
instances of penetration that the surgeon could not properly identify.

Similarly, Zhang et al. proposed investigating the forces involved during
needle insertion and determining the position between the needle tip and a
nerve during ultrasound-guided regional anesthesia [29]. They utilized an
annular force sensor clamped on a mount with the needle as well as a Direct
Current(DC) motor shown in figure 2.5, for the needle insertion to conduct
tests on lamb shanks. Although no discernible variation in force was observed
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among different insertion speeds, future work will focus on conducting tests
across a wider range of insertion speeds and exploring needle deflection and
tissue deformation to enhance the understanding of needle-tissue interaction.

Figure 2.5: Force sensor setup by Zhang et al. [29]

In a different approach, Rossa et al. suggested a novel data-driven method
for determining needle deflection in soft tissues [30]. Instead of traditional
global modeling, they relied on local data collected from needle-tissue
interactions during multiple insertions in ex-vivo tissue. To alter the direction
of the needle bevel angle, a geared DC motor is used to spin the force sensor
and needle axially. They utilized a JR3 Inc 6-DOF force/torque sensor
suitable for their purpose which has also been used by Lehmann et al in
[31]. In this paper, a method for detecting the route and rotation depth of
a needle tip during insertion into soft tissue is presented. This method does
not rely on image feedback and uses a kinematic cycling model instead. The
authors provide a way to precisely control and monitor the needle’s motions
in real-time using the force sensor based deflection estimator where the needle
insertion is done by DC motors which is shown in 2.6.
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Figure 2.6: Needle insertion robot by Lehmann et al. [31]

Authors in [12] conducted a study to test an automated laparoscopic
grasper using a haptic feedback device and a camera. They wanted to
investigate the accuracy of visual feedback and force feedback in identifying
the tissue hardness. The study involved testing multiple subjects, and the
results showed that force feedback was more accurate than visual feedback in
identifying tissue hardness. Literature existing showing that the maximum
estimated force during tissue penetration is 0.715 N [32].

2.3 Liver phantom

Nonalcoholic Fatty Liver Disease (NAFLD) is a prevalent and widespread
chronic liver condition that may lead to severe liver complications like
cirrhosis and HCC [33] [34] [35]. The most reliable method for diagnosing
and determining the severity of fibrosis in patients with nonalcholic
steatohepatitis (NASH), historically has been liver biopsy [36] [37]. Another
study explores the relationship between liver diseases and changes in liver
tissue stiffness [38], particularly focusing on HCC. Which is the most
common form of liver cancer, which often develops in a cirrhotic liver. The
paper provides a range of liver stiffness values corresponding to different
stages of liver diseases, ranging from normal to F4 fibrosis. The stiffness
values range from 6kPa to 12.5kPa. These findings suggest that certain
liver diseases can cause an increase in liver stiffness, potentially indicating
advanced liver cirrhosis when stiffness values reach 12.5kPa or higher.

Liver phantoms are essential for studying liver diseases and to ensure
the quality of diagnostic instruments by closely mimicking human tissue
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characteristics. The liver phantom in [39] is made using a two-component
flexible foam called FlexFoam III from Smooth-On. He et al. also explains
the fabrication of a liver phantom using Ecoflex which is used for palpation,
a silicone-based material, which closely mimics the mechanical properties
of a real liver [40] which can be seen in 2.7. Such phantoms provide
medical professionals with a realistic training tool. They can practice
diagnosing liver disorders without patient risk, benefiting from the phantom’s
tactile properties that resemble an actual liver. The thoughtful design of
these synthetic materials is emphasized in [41], highlighting the importance
of accurately replicating human tissue. Additionally, in [42], a 10% wt
gelatin-based liver phantom was made to evaluate the performance of the
developed medical probe. In this study, the Young’s modulus of the gelatin
was found to approximate that of a healthy liver, as supported by [43].

Figure 2.7: Liver phantom by He et al. [40]
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Chapter 3

Methods and Materials

Recapitulating the problem statement and the proposed study delineated
in the preceding chapter 1, it becomes imperative to ascertain whether the
mechanical properties of the tumor can be deduced from the exerted forces.
To address the problem, an appropriate model is required. The designing
and implementation of a 1-DOF needle insertion robotic device is discussed
in this chapter. Furthermore, this chapter delves into the intricate process
of fabricating the phantom. Subsequently a comprehensive overview of the
experimental setup is provided.

3.1 Design and Implementation of the 1-DOF

Robotic Device

In this section, a 1-DOF needle insertion robotic device, integrated with a
force sensor is developed for measuring tissue stiffness.

3.1.1 Design Requirements

This section deals with the design requirements and the specifications of the
robotic device.

• Force required: The puncturing force required for healthy human
liver tissue usually ranges between 0.1 and 0.65 Newton (N) [44].
However, the phantom is designed to mimic the human liver with
tumors. These tumors increase the need for a higher puncturing force.
Considering the properties of these tumors, a sensor with maximum
force of 10 N should be selected.
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• Stroke length: The average size of the human liver is 7 cm for women
and 10.5 cm for men [45]. The motor with a stroke length of 63.5 mm
was selected to ensure that the length was sufficient to pierce the liver
and also checking the availability of motor’s with appropriate stroke
length in market.

• Reliable force readings: It is essential to ensure consistency in force
measurements for accuracy and reliability. Ideally, force measurements
should have an accuracy of ±1% and a precision of ±0.2% to guarantee
reliable tumor detection. Fluctuations or inconsistencies outside these
ranges can introduce noise, potentially compromising the accuracy of
tumor detection.

• Minimize friction on the needle: In order to prevent readings from
being distorted by external resistances, it is important to ensure that
the friction during the needle insertion process is minimized. It’s also
imperative to keep the friction within a limit of 15% of the force sensor’s
maximum load to ensure optimal performance by mostly detecting
needle-tissue interaction forces and a more efficient design.

• Minimize needle deflection: To ensure the procedure’s effectiveness
of accurately targeting tumors while simultaneously protecting the
surrounding healthy tissues from damage, it’s crucial to minimize
needle deflection.

3.1.2 Design Choices

To ensure the robot’s effectiveness and uphold the safety and precision of
its operations, considering the design requirements mentioned above, the
subsequent design choices were made.

1. Given the varied puncturing forces, the robot was equipped with a
Piezoresistive-based Honeywell FSA Series analog force sensor with a
10 N capacity.

2. A Portescap linear actuator stepper motor with a 63.5 mm stroke length
for effective penetration was used for the robotic device to ensure
precision and ease of control that tumors within the liver tissue is
reached..

3. For the robotic device’s needle insertions, an 18-gauge Aurora 5-DOF
needle which is commonly used for biopsies was chosen which is shown
in Figure 3.1.

17



Chapter 3: Methods and Materials

Figure 3.1: Needle used for the design [46]

Specifications for these components are discussed in the following Table
3.1.

Table 3.1: Components Specifications

Specification Force
Sensor

Motor Needle

Type Piezoresistive Linear
Actuator
Stepper
Motor

Biopsy Bevel
Tip

Operating
Voltage

5V 5V N/A

Measurement
Range

0 - 10N 0 - 10N 18 guage

Accuracy ±3% ±1 Step N/A
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3.2 1-DOF Needle Insertion Device

The design and development phase incorporates the design requirements
and choices. It’s crucial to assess the actuator’s compatibility, placement,
and the integration of the force sensor and needle. The base support for
the robotic device, shown in Figure 3.2 with dimensions, determined by the
needle’s length (170 mm) and the actuator’s stroke length. To ensure linear
movement with minimal friction, a metal rail guide with an linear carriage
is employed. The force sensor’s integration necessitated a specially designed
mount, allowing sensor wires to connect easily to the Arduino board.

Figure 3.2: Base support for the device

A critical aspect of the design is the connection between the force sensor
mount and the needle base. Directly connecting the needle to the sensor
could introduce inaccuracies in force readings due to potential deflections or
vibrations. Moreover, if adhesives are used to secure the needle, they could
flex under pressure, producing results that are only partially accurate. To
address this, a clamp joint, highlighted in blue in figure 3.4 was introduced
between the force sensor mount and the needle base which protects the
needle and provides a stable connection, as depicted in figures 3.3 and 3.4.

Given the needle’s length, a support near its tip was essential to prevent
excessive bending and target deflection. However, initial designs using certain
3D materials such as breakaway white, posed friction concerns, potentially
damaging the needle. This was addressed by adjusting the design to minimize
friction between the needle and its support. Additionally, the diameter of
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Figure 3.3: Cross sectional view of the clamp joint

Figure 3.4: Flexible clamp joint

the needle support was increased to provide clearance beyond the needle’s
diameter, ensuring movement without friction. The modified needle support
is shown in Figure 3.5 with the dimensions given in the figure in ’mm’ units.
The needle insertion robot was designed in Solidworks. This can be seen in
Figure 3.6. This model was subsequently converted to an STL file for 3D
printing. While Tough PLA was used for most parts, the clamp joint was
crafted from Agilus. The final prototype of the robotic device is depicted in
Figure 3.7.
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Figure 3.5: Needle support

Figure 3.6: Robotic device simulated model
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Figure 3.7: 1-DOF needle insertion robotic device
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3.3 Development of the Liver Phantom

Employing a liver phantom that mimics varying tumor stiffnesses is essential
for needle insertion experiments. The first step was to develop a compact
phantom that closely mirrors the mechanical properties of a healthy human
liver. Based on the literature, two such phantoms were crafted, as detailed
below.

3.3.1 Silicon Phantom

A liver phantom can be fabricated using a mixture of Ecoflex 10 and slacker
in a 2:1:1 (Slacker: Ecoflex 00-10 A: Ecoflex 00-10 B) ratio [40]. A small
phantom was fabricated with these mechanical properties which can be seen
in Figure 3.8.

Figure 3.8: Fabricated Phantom

The next consideration was stiffness of the tumors. As outlined in
Chapter 2, the stiffness of F4 fibrosis tumors typically starts from more
than 12.5kPa [38]. To replicate this in the phantom, materials complying
with this value, specifically Ecoflex 30 and 50, were used to create artificial
tumors [47]. The psi values of the Ecoflex and their conversions to kPa are
given in table 3.2.
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Material Mixed
Viscosity (in
Centipoise(cps))

100 %
Modulus
(in psi)

100 %
Modulus
(in kPa)

Ecoflex 00-30 3000 cps 10 68.9476
Ecolfex 00-50 5000 cps 12 82.7371

Table 3.2: Material Stiffnesses

Here, the Modulus 100 % refers to the stress at which a material has
undergone 100 % of it’s initial length of deformation. This can be viewed
as the Young’s Modulus, which gives a measure of material’s stiffness under
these particular conditions. The four fabricated tumors were distributed
throughout the phantom randomly. This setup allowed for a realistic
simulation of needle insertion into a liver with varying tumor stiffnesses.
Figure 3.9 displays the labelled phantom, which is embedded with small
tumors depicted in blue and green colors.

Figure 3.9: Liver Phantom

3.3.2 Gelatin Phantom

Due to the excessive stickiness of the ecoflex material liver phantom used
in the previous section 3.3.1, it led to needle deflections which affected the
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force readings during the presence of multiple tumors. A new phantom was
fabricated using a different material. This phantom is composed of 10%
wt gelatine, as recommended by [42]. A study suggests that the Young’s
modulus of this gelatine phantom closely resembles that of a healthy liver
[43]. Similar to the previous phantom, ecoflex 30 (blue tumor) and ecoflex
50 (green tumor) were placed in this phantom during fabrication, shown in
Figure 3.10.

Figure 3.10: Phantom with Non-Adhesive Properties

3.4 Force Modeling

The stiffness of tumors in the phantom is calculated using interaction force
measurements. To accurately represent needle insertion forces, it’s essential
to classify the data into stiffness, friction, and cutting forces. The forces are
divided into 2 categories; design forces (Fdesign) and needle-tissue interaction
forces (Fneedle, tissue). The forces by the design as well as the needle-tissue
forces are determined by the following equations:

Fdesign = Fclamp + Ffriction, support (3.1)

Fneedle, tissue = Ffriction, needle + Fstiffness + Fcutting + Fnoise (3.2)

Where, Fclamp denotes the contact forces at the clamp joint, Ffriction, support

refers to the frictional forces on the needle support which is calculated in
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section 4.2. While Ffriction, needle is the frictional forces on the needle while
inserting through the phantom. Fstiffness stands for the stiffness forces,
Fcutting indicates the cutting forces, and Fnoise accounts for external noises of
the system.

3.4.1 Polynomial Regression Model

Understanding the correlation between penetration depth and the force due
to tissue stiffness is vital. This relationship is especially complex due to the
phantom being composed of two distinct materials, suggesting a non-linear
interaction. To accurately calculate this complexity, a polynomial regression
model is employed. The choice of a polynomial regression is driven by
its ability to model non-linear relationships. This approach is particularly
suited for representing needle insertion through regions with varied stiffness,
as validated by Okamura [3]. The subsequent section provides a detailed
mathematical representation of this regression model for the gelatin phantom.

f(x) = a0 + a1x+ a2x
2 + · · ·+ an−1x

n−1 + anx
n (3.3)

Where f(x) represents the force exerted, x denotes the penetration depth
and the coefficients are calculated from the experimental data in further
sections. Upon differentiating the equation at a specific depth, the steepness
of the curve can be determined, representing the material’s mechanical
properties, such as stiffness and damping. This value can be contrasted
with another material to discern differences in tumor hardness.

3.4.2 Modified Karnopp Model

In the paper [3], the modified Karnopp model is employed to analyze
frictional forces during needle insertion, distinguishing these from forces like
stiffness and cutting. For this research, the aim is to precisely measure
the frictional dynamics between the needle and the tissue throughout the
insertion process. Based on the study’s findings, the Karnopp model
effectively captures these dynamics, making it a suitable framework for
analysis. The modified Karnopp friction model is defined by following
equations.
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Ffriction(ż, Fa) =


Cnsgn(ż) + bnż, ż ≤ −∆v/2

max(Dn, Fa), −∆v/2 < ż ≤ 0

min(Dp, Fa), 0 < ż < ∆v/2

Cpsgn(ż) + bpż, ż ≥ ∆v/2

where: where Cn and Cp are negative and positive values of dynamic friction,
bn and bp are negative and positive damping coefficients,
Dn and Dp are negative and positive values of static friction,
ż is the relative velocity between the needle and tissue,
∆v
2

is the value below which the velocity is considered to be zero,
and Fa is the sum of nonfrictional forces applied to the system. However,
during the consistent movement of needle insertion, dynamic friction is the
dominant force resisting its motion, so only dynamic friction is considered in
this study.
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Experiments and Results

This chapter discusses the experiments involving the insertion of a biopsy
needle into a liver phantom. The experiments took into account factors such
as motor speed, needle position, and phantom orientation.

4.1 Experimental Setup

In this experiment, a the stepper motor was used, and a constant speed of
90 revolutions per minute (rpm) or 2.772 millimeters per second (mm/sec)
was maintained for all of the experiments. The stepper motor, linked via a
motor driver to the Arduino UNO, controls the needle’s movement allowing
for user-defined distance adjustments. Furthermore, it provides a detailed
analysis of the results and outputs from each experiment, focusing on force
assessment. The evaluation is organized into distinct subsections, each
corresponding to a specific test, method, or experiment performed. To ensure
reliability, each of the experiments was conducted three times.

4.2 Design Evaluation

Given the design requirements outlined in section 3.1.1, the needle insertion
setup was incorporated within the specified design parameters to ensure
comprehensive evaluation. The forces acting on the needle during insertion
were calculated based on the details provided in section 3.4. Assessment was
done for the following two cases:

1. The force exerted at the clamp joint

2. The frictional force at the needle support
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The first case of the experiment focuses on evaluating the design in
terms of clamp force (Fclamp) without any movement. The “clamp force”
in this context refers to the force that was measured when the force sensor
was connected to the needle through a clamp joint, as discussed in chapter
3.2. The contact force was calculated from the force-time graph when
the stepper motor was stationary. This graph (as shown in the Figure
4.1) demonstrates variations in force levels between 1.07 N and 1.10 N
over a period of 8.7 seconds. To minimize these variations and achieve a
smoother representation of the data, a moving average filter was applied.
In the assessment, the clamp force was measured over three iterations,
all yielding similar force values with the needle maintained at the same
position each time. The average force derived from these iterations was
1.082 N. This value effectively represents the force exerted at the clamp joint.

Figure 4.1: Force as a function of time graph without actuation with
zoomed-in inset over a force range of 0.9 - 1.4 N

Due to the extended length of the needle, deflection occurs. And, to
counteract this deflection, a needle support was introduced. However, this
support introduced friction. It is crucial to analyze the frictional forces at
the needle support to determine the extent of friction acting on the needle.
The frictional force (Ffrictional,needlesupport) values were calculated over time
with no penetration of the needle into any material (dry run). This allowed
to assess both, the performance of the needle support system under baseline
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conditions and also the friction forces experienced by the needle at a specific
speed. The relationship between force and time is illustrated by the graph
in Figure 4.2 with an excerpt from it over the range of 0 - 0.4 N. It can be
observed that the force varies between 0.048 N and 0.318 N over a time of
60 seconds.

This iteration for the dry run was conducted three times and similar value
of the mean frictional force was achieved. The experimental frictional forces
can be calculated as follows:

Ftotal = Ffrictional, needle support + Fclamp (4.1)

Where, Ftotal is the total force from the dry run and Fclamp is the clamp
force. Using which, the computed mean force for the forward motion of the
needle was 0.2335 N.

Figure 4.2: Force as a function of time graph during dry run with zoomed-in
inset over a force range of 0 - 0.4 N

Here, the calculated clamp forces and frictional forces account to the
force acting upon the needle and hence have been calculated. Both the
forces experienced by the needle during the experiments was 1.3155 N.

The fabricated phantom’s material closely mimics the biological tissue
of human liver. Given the frequent interactions of the needle with ecoflex
and gelatin, friction by the phantom on the needle which is the penetration
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friction in this context has been set aside. Frictional forces at the needle
support consistently impact the measurements. Through multiple tests with
the same experimental setup and conditions, it was determined that the
design forces amounted to 1.3155 N. To ensure accuracy in subsequent
experiments, this force was estimated and then subtracted, effectively
canceling out the design forces and focusing solely on the force exerted by
the needle during penetration through the phantom.

4.3 Needle insertion through the fabricated

tumors

To verify the force sensing capabilities of the device the needle insertion was
carried out through two different materials with varying stiffnesses. For these
insertions, forces were recorded and young’s modulus was calculated. The
two cases are shown below:

1. Fabricated Ecoflex 30 (blue) tumor

2. Fabricated Ecoflex 50 (green) tumor

To better comprehend the individual properties and stiffness of the
tumors, separate tests were conducted on two fabricated tumors, each
with dimensions of 37 mm, 74 mm, and 74 mm. The needle is allowed
to penetrate with 30 mm for both of the two cases through the phantom
and the forces are measured accordingly. The orientation of the phantom
during these tests can be seen in Figure 4.3. For the initial test, the blue
tumor was positioned perpendicular to the needle. The graph in Figure
4.4 displays the forces recorded as the needle entered the tumor. The
moment of needle contact was marked with an arrow on the force vs position
graph at approximately 4.2 mm. The force at this peak was noted to be
0.23 N at 7.4 seconds from the force vs time graph. It can be observed
in Figure 4.4a, the forces increase exponentially from 0.23 N to 1.44 N.
After reaching a peak of 1.44 N, the decrease in force values from 1.44 N
to 1.31 N indicates that the phantom was undergoing relaxation, because
the needle insertion was stopped after reaching the desired distance of 15 mm.
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Figure 4.3: Phantom orientation during insertion

(a) Force vs. Time graph over a force
range of 0 - 10 N with a zoomed-in inset
with the same range.

(b) Force vs. Position graph with a
zoomed-in inset from 2 - 8 mm

Figure 4.4: Needle insertion through ecoflex 30 (blue).

A similar experiment was conducted on a single green tumor, and the
corresponding forces were illustrated in Figure 4.5. In this case, the needle
penetration occurred at the 4.15 mm, with a force of 0.26 N, as indicated in
Figure 4.5b. The force at this peak is recorded as 0.26 N at 7.5 seconds on
the force vs time graph. After reaching a maximum force of 1.96 N, the force
values decreased to 1.86 N, indicating that the phantom was undergoing
relaxation. This relaxation occurred because the needle insertion was halted
after reaching the desired distance of 15 mm.
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(a) Force vs. Time graph over a force
range of 0 - 10 N with a zoomed-in inset
with the same range.

(b) Force vs. Position graph with a
zoomed-in inset from 2 - 8 mm

Figure 4.5: Needle insertion through ecoflex 50 (green).

4.4 Needle insertion in Ecoflex phantom

In previous experiments, the primary emphasis was on assessing the stiffness
of the individual fabricated tumor. However, in this section, variations in
force measurements are calculated when the fabricated tumor is embedded
within healthy tissue of the phantom. This setup allows for identifying
differences in tumor stiffness, aligning with the research question mentioned
in section 1.3. The needle insertion through the phantom was experimented
for needle insertion through ecoflex 30 (blue) and ecoflex 50 (green) inside
the healthy phantom.

Without any support on the phantom and due to the high penetrating
force exerted by the needle, the phantom was pushed backward, preventing
the needle from penetrating. Hence, it was necessary to secure the fabricated
phantom to prevent this movement caused by needle insertion. A support
structure shown in Figure 4.6 was designed to ensure the phantom remains
stable, while also reducing deflection of the needle.

In the two cases mentioned above, the velocity was maintained constant,
but the distance varied: it was set at 40 mm for the first case, and 45 mm for
the second case as the tumor’s placement varied inside the phantom which
is manually calculated. The dimensions of the phantom were height: 37 mm
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Figure 4.6: Phantom Setup

and diameters: a) 74 mm (top), b) 67.6 mm (bottom). In the first case,
the experiment involved needle insertion through the blue tumor present in
the phantom, and the measured forces are illustrated in Figure 4.7. The
needle was inserted directly into the blue phantom, which was positioned
perpendicular to the needle, with its flat surface facing the needle. The
penetration into the blue tumor occurred at approximately 28 mm, at which
point the force experienced was 1.452 N, as indicated on the force vs time
graph in Figure 4.7b. Once the needle penetrated the blue tumor inside the
phantom, the forces increased exponentially, resulting in a force of 2.922 N
when the desired distance of 40 mm was reached. After the needle insertion
is complete, the force observed reduces from 2.922 N to 2.722 N. This can
also be observed in the both of the sub-graphs, where the position value
remains constant and the force value decreases, signifying relaxation of the
phantom which is seen in Figure 4.7a.

Similarly, the needle was inserted through a green tumor present in
the phantom, and the recorded forces are illustrated in Figure 4.8. The
force vs time graph marks the point of needle puncture through the tumor,
indicating a peak force of 4.492 N experienced at approximately 29 mm. As
the needle penetrates through the green tumor, the force begins to increase
significantly until it reaches 6.362 N, at the desired distance of 45 mm.
When the needle insertion is halted, the force decreases from 6.362 N to
5.952 N as the phantom undergoes relaxation which is seen in Figure 4.8a.
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(a) Force vs. Time graph over a force
range of 0 - 10 N with a zoomed-in inset
with the same range.

(b) Force vs. Position graph with a
zoomed-in inset from 25 - 30 mm

Figure 4.7: Needle insertion through ecoflex 30 (blue) of the liver phantom.

(a) Force vs. Time graph over a force
range of 0 - 10 N with a zoomed-in inset
with the same range.

(b) Force vs. Position graph with a
zoomed-in inset from 25 - 30 mm

Figure 4.8: Needle insertion through ecoflex 50 (green) of the liver phantom.

4.5 Needle insertion in Gelatin phantom

This section outlines the experimental procedure of needle insertion through
a gelatin phantom embedded with two distinct tumors. A more refined
phantom was developed, to address a sub-research question about successive
changes in material during single needle insertion through the phantom. This
was done to address the stickiness observed in the initial phantom, which
caused deviations in the needle’s trajectory during deeper penetrations,
leading to inaccuracies in force readings.

While the control parameters employed for this experiment are consistent
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with those of previous tests, the penetration distance was adjusted to 50
mm to reflect the phantom’s width. The corresponding force-time graph
for this specific experiment is illustrated in Figure 4.9. The peaks observed
in the graph indicate the moments when the needle traversed the tumors.
The first peak shows a maximum force of 1.038 N at 50.1 seconds at the
instance the needle exited the blue tumor, followed by a force of 0.748 N at
50.88 seconds, recorded after the needle had exited the blue tumor (show
in Figure 4.10). Before entering the blue tumor, the needle passed through
the healthy tissue. During this phase, the forces exerted on the needle were
insignificant, remaining constant around 0.16 N, and they can therefore
be neglected. Once the needle traversed the first blue tumor, it re-entered
the healthy tissue. From 51 seconds to 56 seconds, the forces remained
consistent around 0.16 N, as the healthy tissue offers less resistance than the
tumor tissue. The second peak, associated with the second tumor, shows a
maximum force of 2.588 N at 75.61 seconds (show in Figure 4.11). When
the needle penetrated through the green tumor, the peak force recorded at
77.87 seconds was 1.88 N.

Figure 4.9: Force vs. Position graph over a force range of 0 - 10 N, needle
insertion through two stiffnesses of the gelatin liver phantom.

The relationship between the force exerted and the insertion depth of the
needle for the blue tumor is depicted in Figure 4.12, while the relationship
for the green tumor is illustrated in Figure 4.13. For the blue tumor, the
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Figure 4.10: Needle traversing through the Ecoflex 30 (blue) tumor

Figure 4.11: Needle traversing through the Ecoflex 50 (green) tumor

needle contact on the surface was at a depth of 16.37 mm and traversed
completely through the tumor at a depth of 27.08 mm. For the green
tumor, the penetration depth was calculated from 30.31 mm to 40.48 mm,
representing the depth at which the needle contacted the surface of the
tumor to the depth at which the needle completely traversed the tumor.
A best fit equation is obtained by applying polynomial fit to the data on
MATLAB using the polyfit() function as discussed in the section 3.4.1,
further explaining the dynamics of this relationship. Equations for the
fabricated tumors inside the phantom were derived by analyzing the points
of contact on the curve representing the entry and exit point of the blue and
green tumors. For the fabricated ecoflex 30 (blue) tumor, the relationship is
described by the equation below, where x represents the depth (mm) and y
denotes the force (N):
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y = 0.0058443x2 − 0.16837x+ 1.2893 (4.2)

and for the ecoflex 50 (green) tumor, it is:

y = 0.011696x2 − 0.61478x+ 8.399 (4.3)

Figure 4.12: Polynomial fit for the ecoflex 30 (blue) tumor in the gelatin
phantom

Figure 4.13: Polynomial fit for the ecoflex 50 (green) tumor in the gelatin
phantom

The derivatives of the aforementioned equations were computed to
evaluate the rate of change of the force in relation to the depth. This is
represented by the slope of the equations at a specific depth, as depicted

38



Chapter 4: Experiments and Results

in Figure 4.14. To enable a clear comparison, identical penetration depths
were considered for both tumors. This penetration depth is considered at the
point at which the needle first interacts with the phantom. The derivatives
for the blue and green tumors are detailed below:

y′ = 0.0116886x− 0.16837

and
y′ = 0.023392x− 0.61478

Figure 4.14: Slope-Penetration depth relationship for blue and green tumors
in the phantom

To analyze the interaction forces for the healthy tissue, needle insertion
through healthy tissue (gelatin phantom that mimics the properties of
healthy tissue) was performed. Figure 4.15 shows the force vs. time graphs
for needle insertion in healthy tissue and two different tumor stiffnesses.
The force required for needle insertion in healthy tissue (gelatin) is relatively
constant, with a mean force of 0.1104 N.

Furthermore, the frictional forces obtained from this experiment are
correlated with the theoretical model derived from the modified Karnopp
model, as referenced in 3.4.2. In this model, only dynamic friction is
considered based on the control parameters from the test setup. Given that
both velocity and depth remain constant, and the velocity is positive (since
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Figure 4.15: Force vs. time graphs for needle insertion into healthy tissue,
both with and without tumors exhibiting varied mechanical properties.

only the needle insertion phase is considered), the frictional force can be
determined using the fourth relation from the modified Karnopp model,
where ż ≥ ∆v/2:

Ffrictional = Cp + 2.772 ∗ bp; (4.4)

The section 4.16 shows the experimental data as well as the theoretical
modelled data of the frictional forces. In the modeling process, only data
with a specified relative velocity is utilized to determine the coefficients for
dynamic friction and damping. For modelling the forces, data with specific
relative velocity is used to determine the dynamic friction and damping
coefficient. The frictional force after the penetration through ecoflex 30
(blue) is 0.6905 N, while after the penetration through ecoflex 50 (green)
it is 1.9328 N.
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Figure 4.16: Experimental and theoretical analyses using the modified
Karnopp model to evaluate frictional forces, as depicted in the Force vs.
time graphs for needle insertion.
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Discussion

This section delves into the evaluation and results derived from experiments
conducted with the 1-DOF needle insertion robotic device on the two
phantoms.

5.1 Design Evaluation Results

The initial tests were centered on understanding the forces that influence
the needle. The two forces, clamp force and needle support frictional force
were calculated using the equation 3.1. Due to the design specifications, the
force at the clamp was calculated to be less than the anticipated requirement.
The force was recorded at 1.082 N, which is 15% below the 10 N maximum
load as per the set requirement. This value includes all design forces,
including friction, and not just the clamp forces. A small fraction of this
10 N is attributed to the clamp joint. By doing so, the forces can be
concentrated solely on needle-tissue interactions, thereby enhancing their
efficiency. Another design-induced force affecting the needle comes from
the support. In addition to this, the designs forces here 1.3155 N was also
calculated to be less than 15% of 10N, underscoring its minimal impact on
needle-tissue forces. Both of these forces were determined using the equation
provided in the previous section 3.1. The forces were measured three times for
the experiments, and the low standard deviation which is 0.0319 N calculated
shows that the results were consistent and close to the mean of the forces. The
efficiency of the needle-tissue interaction forces was improved by optimizing
the impact of the design forces and reducing its noise.
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5.2 Results of the Needle insertion through

the fabricated tumors

Experiments were conducted on the fabricated tumors to assess their material
stiffness during needle penetration. With the same experimental setup and
conditions, the peak force values calculated show that a steeper curve in
the green tumor which is 1.96 N indicates higher stiffness, while a more
gradual curve for the blue tumor suggests lower stiffness with 1.44 N. This
difference highlights the distinct mechanical properties of the ecoflex 30 and
50 materials. The ecoflex 50 (green tumor) demonstrates greater stiffness, as
supported by the data in Table 3.2. During needle penetration, the force rose
exponentially due to cumulative compression, strain, and increasing frictional
forces. This exponential increase in force is primarily attributed to stiffness,
and friction, detailed in section 3.4. While, it was observed that cutting
forces remain consistent. However, it’s crucial to note that cutting does not
occur continuously throughout the procedure. Sometimes, there’s no cutting
happening, which could mean the needle is either not moving or there’s other
forces acting on it.

5.3 Results of the Needle insertion in Ecoflex

phantom

The experimental findings demonstrated the depth of the needle’s
penetration into the tumor. During these experiments, the needle was
inserted into one tumor inside the ecoflex phantom in both of the cases.
The successful piercing of the ecoflex 30 (blue tumor) is evident in Figure
4.7b. Upon contact, there’s an initial peak in force, which then sharply rises,
leading to a higher overall force. However, for the ecoflex 50 (green tumor)
it can be seen in Figure 4.8b that there are additional peaks and stiffness
forces to the data. Contrary to the assumption that the needle follows a
perfectly straight trajectory during insertion, there were minor deflections
as it traversed the tissue. These deflections, potentially arising from factors
such as tissue heterogeneity or needle-tissue interactions, can influence the
recorded force. While it should be noted that both the tumors were pierced,
the peak stiffness was calculated during the exit of needle tip from the
tumor, where the green tumor required a considerably higher stiffness force
of 5.57 N, and the blue tumor required a force of 2.53 N. The incline of the
force-versus-depth curve in Figures 4.7 and 4.8 serves as an indicative metric
for discerning material characteristics of the two materials (ecoflex 30 and 50).
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The noise observed in the force readings, can be attributed to the fact that
the phantom was held by hand for support during these two experiments.
Tissues of varying stiffness begin to deform even before the needle makes
contact with the tumor. As, a result the force dynamics and penetration
behavior can vary significantly based on the inherent stiffness and structural
properties of the tumor being targeted. This emphasizes the significance of a
detailed understanding when selecting needle types and formulating insertion
strategies for diverse tumor types.

5.4 Results of the Needle insertion in Gelatin

phantom

To mitigate the stickiness of the ecoflex phantom, a gelatin phantom was
introduced, as discussed in section 4.5. This phantom explains the needle’s
interaction with both the blue and green tumors. Notably, the gelatin
phantom’s healthy tissue was more penetrable than the ecoflex’s, attributed
to the latter’s adhesive and opaque nature, addressing a research question
from section 1.3. The force measurements, obtained from needle insertions
into tumors with varying stiffness levels, were utilized to develop and refine
the needle-tissue force models discussed in 3.4. Figure 4.15 illustrates
the minimal forces on the healthy gelatin tissue. These minimal forces
were neglected when modeling the needle’s interaction with the fabricated
tumors. It was assumed that cutting forces primarily exist during the
needle’s exit and remain consistent, as supported by [3]. This uniformity
indicates that the needle’s main interaction with the tumor occurs during
its exit, effectively combining the entry and exit phases. Force-depth graphs
in Figures 4.12 and 4.13 offer insights into the needle’s interaction with liver
phantom tissues of distinct stiffness. In order to model the stiffness force
(Fstiffness), polynomial fit was applied to the force vs insertion depth, as seen
in section 3.4, yield predictive models for future needle insertions, enhancing
comprehension of force dynamics across liver tissue regions. The polynomial
equation coefficients for ecoflex 50 (green tumor) highlight the green tumor’s
heightened stiffness compared to the blue, corroborated by Table 3.2 (where
the coefficient of a2̂ is 0.01169 N/mm for ecoflex 50 while for ecoflex 30 it is
0.0058443 N/mm).

In Figures 4.15 and 4.4, a consistent observation is noted: as the needle
advances deeper into the phantom’s healthy tissue (gelatin), the force remains
largely invariant. This behavior implies a relatively low stiffness for gelatin.
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The predominant force during this interaction appears to be the cutting force,
which consistently averages at approximately 0.1104 N, suggesting a uniform
resistance from the gelatin across its depth. For modeling the frictional forces
post-tumor penetration, the modified Karnopp model is used from the section
4.4. Given the constant velocity in relation to depth and the needle’s surface
area during penetration, it can be inferred that frictional forces are calculated
to be constant. Therefore, the damping observed post-penetration through
the blue and green tumors remains consistent, as illustrated in Figure 4.16.
The behaviour of the frictional forces was calculated based on the coefficients
of Cp (dynamic friction) and bp (damping coefficient). It is important to
validate this experimental observations with the mathematical model. The
damping post-penetration through the green tumor is observed to be 2.7
times greater than that after the blue tumor, indicating a significantly higher
stiffness for the green tumor which can be observed from the 3.2 as well.

5.5 Collaborative Insights

The design of the 1-DOF robotic needle insertion device helped in evaluating
a haptic system, as illustrated in Figure 5.1. A haptic device was designed
to evaluate the performance of rPAM actuators [48] in Minimally Invasive
Surgery (MIS), particularly for needle insertions into soft tissue. This haptic
device controls a slave device; when the haptic device is maneuvered in a
single Degree of Freedom (1 DoF), the needle responds in kind. The forces
encountered by the needle on the slave side are recorded and juxtaposed with
the forces applied by the user on the haptic device. As the forces on the slave
side intensify, the air pressure on the haptic device is augmented, ensuring
that the haptic device user feels forces analogous to those experienced by
the needle. The incorporation of the slave configuration, recognized as a
fundamental element of the design methodology, has been instrumental in
helping enhance the capabilities of the haptic system.
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Figure 5.1: Haptic Setup [49]
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Conclusion and Future Work

6.1 Conclusion

The study explored the complexities of incorporating force sensing into
a 1-DOF needle insertion robot designed for liver interventions. This
1-DOF robotic mechanism confirms the viability of such integration,
emphasizing advancements in tumor detection during liver procedures. The
research initially focused on evaluating various tumor detection techniques,
understanding their constraints, and examining the latest innovations in
needle insertion robotic systems. The literature review indicated that
robots equipped with force sensing could offer an addition in reducing the
prevalent image-guided methods usage as well as providing more efficiency
for detection of the tumors. Furthermore, a liver phantom, which mimics
human liver characteristics, was utilized. The primary goal was to showcase
the robot’s ability to navigate the phantom, identify artificial tumors, and
evaluate their firmness. This was achieved by ensuring the robot’s operation
was straightforward and intuitive.

Addressing the challenge of using force measurements to determine
tissue stiffness during a 1-DOF needle insertion procedure in a slave
configuration system, this study unveils key insights. The 1-DOF robotic
device’s development and evaluation are based on the forces exerted on the
needle, including design forces and needle-tissue interactions. These forces
significantly influence the device’s efficiency. The design forces accounted
for 15% of the total 10 N load, which is relatively minimal, enhancing the
device’s accuracy in measuring needle-tissue interactions. Furthermore,
experiments showed that the design forces remained consistent across
different workspace positions.
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Another significant finding from the research was the material
composition of the liver phantom, prompting further investigation into
its influence on force readings. Experiments with the gelatin and ecoflex
phantoms showed distinct force profiles for each material. The gelatin
phantom consistently displayed minimal force variations within its healthy
tissue, but a discernible spike was observed upon piercing through a
fabricated tumor. On the other hand, the ecoflex phantom, with its adhesive
properties, presented more subtle force changes. This feedback underscores
the method’s precision in identifying material transitions, highlighting its
potential for enhancing needle insertion techniques.

Furthermore, an experiment with single needle insertion with gelatin
phantom was also conducted shown in section 4.11, to see the successive
changes in the material and the robotic device was able to successfully detect
ecoflex 30 and exoflex 50 present inside healthy tissuse of the phantom. In
addition to this, force modeling of the stiffness and frictional forces acting on
the needle was also done in order to see the validate it for the experimental
results.

In conclusion, the integration of the force measurement in the 1-DOF
needle insertion robotic device has successfully enhanced the detection of
different materials based on their tissue stiffness. When compared to the
existing tumor detection approach, the initial proof of concept and evaluation
suggest the possibility of reduced procedure times and a potential decrease in
tissue damage, attributed to its precision and consistency. It is evident that
this study establishes a foundational framework, directing future endeavours
towards the development of effective tumor detection, incorporating real-time
force sensing as well as more efficient and precise in the needle insertion robot.

6.2 Recommendations

The 1-DOF needle insertion robotics device can be configured as a
slave device in a teleoperation setup controlled by a haptic device. This
master-slave configuration would enable the operator to remotely manipulate
the needle, providing a sense of touch and feedback. The performance and
capabilities of these robotic devices, when used in teleoperations, can
be significantly enhanced by integrating tactile and sensory input. A
force-torque sensor might be employed to offer additional insights, primarily
about needle deflection and alignment, during the operation, especially in
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more intricate needle insertion settings. Explorations might include varying
speeds of insertion, experimenting with different needle materials, and
applying various coatings on the needle surface to minimize friction and
noise. Such measures aim to refine the needle insertion process, ensuring a
smoother and more consistent procedure.

The current model focused solely on axial forces, distinguishing distinct
forces based on practical considerations and time limitations. Hence, a
detailed force modeling is still required for a comprehensive understanding
of the interactions during needle insertions. As previously highlighted in
chapter 5, the physical properties of the phantom used in the experiments,
such as texture and uniformity, play a significant role. The needle’s
penetration through the phantom encounters substantial friction and
cutting forces, especially when interacting with the phantom’s sticky
material. This interaction leads to an exponential increase in resistance
against the needle. Recognizing that the phantom’s sticky nature amplifies
forces not typically present in human livers marks a limitation in this study.

Furthermore, the design of the robotic device could be adapted to
accommodate different types of force sensors, with enhancements made to
optimize the interface between the sensor and the needle. Future experiments
could also involve different sizes and shapes of tumors to further test the
versatility and adaptability of the robotic device. Integrating the system
with a robotic device that has several degrees of freedom would enable
the system to steer the needle by enabling more intricate movements and
trajectories. This would open up new possibilities for navigating around to
the tumor areas that are challenging to detect. Further developments in
the area of robotic-assisted needle insertions will be made possible by these
improvements and considerations.
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