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Abstract

In recent years, more and more medical operations are done minimally invasive. Intervention radiology is
a medical specialty which uses minimally invasive techniques to diagnose, or treat diseases. Instruments
like needles and catheters are used by radiologists to enter the network of veins and arteries guided by
image modalities. A complex treatment in the interventional radiology is the Transjugular Intrahepatic
Portosystemic Shunt (TIPS) procedure. This treatment is developed for people who suffer from liver
cirrhosis which are not eligible for liver transplantation. The problem which arise with a liver affected
by cirrhosis is that it can not transmit enough blood. Without transplantation or a treatment this will
eventually lead to death. During the TIPS procedure a connection is made between the right hepatic and
the portal vein by a shunt. As a result, blood pressure reduction in the portal system since the blood
can flow back to the right atrium of the heart, bypassing the liver.

The hardest part in a TIPS procedure is the intrahepatic puncture between the hepatic and portal
vein. The interventional radiologist tries to enter the portal vein by puncturing a small stylet from the
hepatic vein through the liver tissue. Due to cirrhosis the liver tissue is very stiff and stylet deflection will
occur. To reduce the uncertainty of entering the portal vein, this thesis is focused on designing a stylet
that is more stiff and able to steer. It is expected that the complexity of the procedure will be reduced
and a higher hit rate to enter the portal vein will be achieved.

The prototype of the steerable stylet has been evaluated through various experiments, a visibility test
and with procedures in a test liver model. During these experiments the steering characteristics, the
stiffness of the stylet, the maximum lateral forces exerted by the tip while steering, the influence of the
stylet orientation and the visibility are obtained. Afterwards, an evaluation was done in a liver model,
made of PVA, to determine whether the stylet is capable to reduce the complexity of the intrahepatic
puncture step in the TIPS procedure.

With the prototype made in this graduation project, based on a steerable ablation needle, the com-
plexity of the TIPS procedure is not reduced yet. The steerable stylet was not able to enter the portal
vein. It was already hard to enter the right hepatic vein since the pre-bent stiffening cannula was adapted
with a smaller angle which was necessary since the steerable stylet was too stiff to push through the pre-
bent angle. According to this prototype, possibilities are shown to use a mechanical steering mechanism
in instruments with a long thin shaft. The transmission in combination with the joint mechanisms fits
within 1.3mm diameter, was able to bridge 60cm from distal end to proximal end and had only 4 com-
ponents, the stylet, the rigid cannula, the key to fix the stylet to the rigid cannula and the transmission.
By translating the stylet in a push or pull direction relative to the rigid cannula, steering angles could
be achieved. With further research and development this steering mechanism must be able to steer the
required amount of degrees without any extra components, is well visible with ultrasound, and is good
resistant against lateral forces.
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Dorsal movements refers to movements in the direction to the back of the human body.
Ventral movements refers to movements in the direction to the front of the human body.
Posterior refers to what is to the back of the subject.

Anterior refers to what is in front of the subject.

Superior refers to what is above the subject.

Inferior refers to what is below the subject.

The sagittal plane is a vertical plane that divides the body in a right and left part.

The coronal plane is a vertical plane that divides the body into a ventral and dorsal part.
In an anatomical way the term distal is used to describe a part that is distant from the
main mass of the body. In a needle it refers to the tip, the part what is the most distant
from the surgeon/radiologist.

In an anatomical way the term proximal is used to describe a part that is close by the
main mass of the body. In a needle it refers to the handle, the part what is close by the
surgeon /radiologist.
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“If it is not working after 5 minutes of trying,
either change the catheter or change the hands.”

—Dr. Josef Rosch—
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1 Clinical Introduction

These days, minimally invasive surgery is becom-
ing increasingly popular among surgeons and radi-
ologists. A reason for this is due to the fact that
only a few small incisions and trocars are needed
to do surgeries or diagnoses. Compared to tradi-
tional open surgery, minimally invasive surgery re-
duces recovery time, risk of infections, pain for the
patient, hospital stay, physical trauma, damage to
the surrounding muscles and blood loss [1, 2, 3].

1.1  Interventional Radiology

The department of interventional radiology uses
minimally invasive, image guided procedures to
diagnose and treat diseases of nearly every or-
ganic system [4]. Compared to minimally invasive
surgery, where the size of instruments and inci-
sions lies between 5 - 12 mm [5], the incisions
and instruments in interventional radiology are
even smaller. The biggest diameter in this thesis,
according to the Transjugular Intrahepatic Por-
tosystemic Shunt (TTPS) procedure, comes from a
9Fr introducer sheet (3mm) [6].

For using the network of veins and arteries, small
incisions in the skin are needed to enter existing
paths, e.g. veins. The interventional radiologist
(IR) is able to approach almost every organ with
instruments through this network. Due to this,
such procedures are less invasive and complicated
compared to minimally invasive surgeries, where
instruments are inserted through anatomical open-
ings or through the skin into the body cavity to
reach the desired location [7].

Visualization during interventional procedures is
done by: ultrasound, X-ray fluoroscopy, magnetic
resonance imaging (MRI), computed tomography
(CT) scans or a combination. With these imaging
methods, the IR is able to guide instruments pre-
cisely to the diseased organ or desired area while
observing the monitors to validate the position and
orientation of the instrument.

One of the most complex procedures within inter-
ventional radiology is the TIPS procedure. Nor-
mally, blood from the stomach, spleen, intestines,
pancreas and gallbladder (gastrointestinal tract)
come together into the portal system, where the
blood drains through the portal vein (PV) into
the liver. The liver processes this blood, nutrients
will be stored and the blood is detoxified before it
returns into the systemic blood circulation.

Due to liver cirrhosis, the liver is not able to
process the blood from the gastrointestinal tract
quick enough. This results into high blood pres-

sure inside the portal system, also known as portal
hypertension. Portal hypertension can be treated
with a liver transplantation or with the TIPS pro-
cedure. In Figure 1.1 relevant veins for the TIPS
procedure are shown.

Jugular Vein,

Superior Vena Cava

Inferior Vena Cava

Portal Vein

Figure 1.1: The human anatomy with relevant veins
for the TIPS procedure. The procedure path exist of:
the jugular vein, superior vena cava, inferior vena cava,
the right hepatic vein and the portal vein. The arrows
indicates the normal blood flow for a healthy liver.

1.2 Liver Function

In the blood circulation, the liver functions as a
transition station between the digestive tract and
the large circulation. The digestive tract consists
of the gastrointestinal tract and the accessory or-
gans of digestion. Because of its location, the liver
fulfills a metabolic function with respect to the
food components derived from the environment,
processed in the gastrointestinal tract.

Besides its function as a transition station, other
important tasks for the liver are absorbing usable
components from the blood and eliminating use-
less and potentially harmful components [8]. In
addition, the liver regulates the supply of glucose
and lipids that the body uses as fuel. A healthy
liver is therefore able to fight infections and blood
clotting. Besides this, the liver is able to make
digestive juices, provides energy for the body and
processes medicines, food and alcohol.

Normally, blood from the gastrointestinal tract
flows from the intestines through the PV into the
liver. As the PV passes through the liver, it breaks
up into increasingly smaller branches. The tiniest
branches are called sinusoids because of their struc-
ture. Those branches are in close contact with the
liver cells, which allows them to remove and add
substances to the blood. The blood is detoxified
and nutrients will be stored after which the blood
is collected in increasingly larger branches. These
branches eventually come together into the hepatic
vein (HV). This HV returns the blood to the right
atrium of the heart, where the blood can be used
again in the systemic circulation.
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1.2.1 Veins in and around the Liver

This section will discuss the veins and their func-
tion in and around the liver which are important
for the TIPS procedure. The branches of the HV
and the PV are already explained, where they en-
sure that the blood flows through the liver. For
the TIPS procedure the following veins are also of
interest: the jugular vein, superior vena cava and
inferior vena cava.

Hepatic Vein

The left, middle and right HV can be distinguished.
The right hepatic vein (RHV) leads to the inferior
vena cava independently, where the middle and left
HV form a common trunk before it leads into the
inferior vena cava. The TIPS procedure is usually
performed through the RHV because it leads di-
rectly from the inferior vena cava. Besides this,
it is the largest of the three hepatic veins, with a
diameter of approximate lcm [9]. Figure 1.2a rep-
resents a schematic overview of the HV in the liver
where the RHV is mentioned.

Portal Vein

The other important vein in the liver is the PV,
which is approximately 0.8 to 1 cm wide [10]. The
vein is a connection between the gastrointestinal
tract and the liver. Within the liver, the PV splits
first into a right and left vein before it splits into
smaller branches to supply the right and left lobes
of the liver [10]. Figure 1.2b represents a schematic
overview of the PV where the right portal vein
(RPV) is denoted.

Right Hepatic Veingg

(b) The PV splits in the
right and left vein when
it is inside the liver.

(a) The HV splits in
the right, middle and left
vein inside the liver.

Figure 1.2: Schematic overview of the HV and PV

and its branches in the liver. Reprinted from Jeanne
LaBerge [10].

Portal and Hepatic Veins

The branches of the hepatic and portal veins are
entangled inside the liver, which is represented by
Figure 1.3. The intrahepatic puncture during the
TIPS procedure is preferably performed from the
RHV to the RPV because these veins have both
a bigger diameter than the others, and maintains
most consistent their positions [10].

Figure 1.3: Schematic overview of the HV and PV
and their branches entangled. Reprinted from Jeanne
LaBerge [10].

The anatomic basis for performing the TIPS pro-
cedure is the assumption that the RHV is located
superior and posterior to the PV bifurcation [11].
Going further into the RHV it receives branches
anteriorly and posteriorly. The point where the
RHYV is as close as possible to the PV, is a few
centimeters dorsal to the bifurcation of the PV.
The positions of the RHV to the RPV are well il-
lustrated on a sagittal sonography in Figure 1.4.
When puncturing from the RHV to the RPV, the
stylet should be directed ventrally [10].

Indicator of patient’s head

Figure 1.4: A sagittal ultrasound image of the middle
hepatic vein, RHV and PV. This section view shows
that the RHV is dorsal to the RPV. Reprinted from
Jeanne LaBerge [10].

Jugular Vein

The jugular vein is the largest vein in the neck
[12]. Both sides of the neck contains an internal
and external jugular vein. These veins drain blood
from the brain, face and neck, back to the heart
via the superior vena cava. The left internal vein
is generally smaller than the right internal jugu-
lar vein [12]. Figure 1.5 represents an overview of
the jugular veins and the superior vena cava. The
right internal jugular vein is bigger then the left
internal jugular vein, easier to find, and is in one
line with the superior and inferior vena cava to-
wards the liver wherefore it is used for the TIPS
procedure.
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External jugular Internal jugular

Superior vena cava

Figure 1.5: A schematic overview of the jugular veins
and the superior vena cava.

Superior and Inferior Vena Cava

The inferior vena cava is the largest vein in the
body, directly connected to the superior vena cava,
which is the second largest. These veins collects
the deoxygenated blood from veins serving the tis-
sue. The superior vena cava drains blood from the
veins in the upper body (above the heart), where
the inferior vena cava drains blood inferior to the
heart. Both veins return the blood to the right
atrium of the heart [13]. The diameter of the veins
vary between 0,46 and 2,26 cm [9]. Due to the
low pressure exerted by venous blood the walls are
very thin.

The superior and inferior vena cava connects the
jugular vein to the HV in the liver, during a TIPS
procedure the instruments go through the follow-
ing veins to enter the liver: internal jugular vein,
superior vena cava, interior vena cava and HV.

1.3

For a wide range of materials, research is done to
mimic human tissue. Researchers studied whether
materials have the same textural and/or imaging
properties as real tissue. During the TIPS proce-
dure, ultrasound and CT are important imaging
modalities. A method for finding a good material
to mimic the tissue is elastography. Elastography
is an imaging modality for soft tissue that maps
elastic properties and stiffness. Typical tissue op-
tions, with elastographic properties similar to liver
tissue, are water-based and oil-based phantoms.

Material to Mimic Liver Tissue

1.3.1 Water-Based Phantoms

Since water is the main component of living soft tis-
sue, water-based materials are usually good choices
for the fabrication of tissue mimicking phantoms
[14]. In these phantoms, water is the solvent and
can be mixed either with a natural polymer (e.g.
gelatin) or a synthetic polymer (e.g. poly vinyl
alcohol). By adding very small particles to the
mixture, scatterers, it increases scatter for ultra-
sound imaging and becomes better visible.

3

Gelatin gels can provide a wide range of tissue
stiffness. Since the composition of these gels can
changed independently, it is easy to control the
gel its stiffness, sound speed, absorption, and scat-
tering [15]. This gives the opportunity to make
samples with different characteristics.

Another water-based material is Poly Vinyl Al-
cohol (PVA). PVA is a synthetic polymer with
comparable ultrasound imaging properties to real
tissue [16]. The composition of the material is
made of PVA grains mixed in water. After it is
mixed, a freeze-thaw process takes place. The ra-
tio of the mixture and the amount of freeze-thaw
cycles will affect the stiffness of the material.

A third water-based gel is Polyacrylamide. Datla
et al.[17] did a research to polyacrylamide gel to
mimic both mechanical properties as thermal dam-
age. Since more steerable needles are developed
with nitinol, which will shrink or stretch when
heated, it is important that thermal damage in
tissue will be tested. As a conclusion of Datla et
al. [17] polyacrylamide gel can be made with dif-
ferent elastic modulus where it is possible to meet
the mechanical properties of real tissue. Also the
heating damage of heated nitinol falls within the
range of real tissue, tested for the prostate.

1.3.2 Oil-Based Phantoms

Mimicking soft human tissue can also be done
with oil-in-gelatine dispersions [18]. An advantage
of oil-in-gelatine mixtures is that the dielectric
properties can be changed simply by varying the
volume per cent of oil.

Nowadays, polysaccharides are often used as soft
tissue mimicking material with same electromag-
netic properties. Unfortunately, this material is
difficult to handle (they must be in airtight con-
tainers or need special holders), is non-durable
(parameters change over time) and is mechani-
cally sensitive [19]. Zivkovic et al.[19] made a new
composite material containing calcium alginate
microspheres incorporated into an epoxy matrix,
which overcome the restricting factors. This new
composite material is a good alternative for the
polysaccharides sample.

Paraffin-gel waxes are new oil-based materials for
mimicking human tissue. Vieira et al.[20] stud-
ied these waxes and are investigated as new soft
tissue mimicking materials for ultrasound guided
breast biopsy training [20]. As result, the sam-
ple meets values for the speed of sound (acoustic
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properties), attenuation and young’s modulus (me-
chanical properties) compared to real soft tissue.

1.4 Liver Cirrhosis

A liver which is not working optimally, is not able
to process all the blood from the gastrointestinal
tract. This may result into an increased blood
pressure in the PV. Due to the high blood pres-
sure, fluid builds up in the abdomen, which causes
pressure pain around the liver and massive bleed-
ing. This phenomenon is called portal hyperten-
sion. Portal hypertension is a consequence of a
scarred liver, also known as liver cirrhosis. Cir-
rhosis is a complication of liver fibrosis, a disease
that involves loss of liver cells and irreversible scar-
ring of the liver. In cirrhosis, the connection be-
tween blood and the branches of the PV are de-
stroyed. Even though the newly formed or surviv-
ing liver cells may still be able to process and re-
move components from the blood, they do not have
the normal, intimate connection with the blood.
Besides this, the scarring within the cirrhotic liver
obstructs the normal blood flow through the liver
and to its liver cells [21]. A liver with cirrhosis
develops scar tissue inside and around the liver.
Figure 1.6 shows the difference between a healthy
liver and a liver with cirrhosis.

©MAYO FOUNDATION FOR MEDICAL EDUCATION AND RESEARGH, ALL RIGHTS RESERVED

Figure 1.6: At the left a healthy liver with normal
tissue. At the right a liver with cirrhosis, where scar
tissue will replaces the normal liver tissue. Reprinted
from www.mayoclinic.org [22].

1.4.1 Cause

Among the many liver disorders that can lead to
cirrhosis, some progress rapidly (years) and others
more slowly (decades). Cirrhosis is often a con-
sequence of fatty liver disease due to alcoholism,
hepatitis B, hepatitis C or by nonalcoholic fat accu-
mulating in the liver [8]. Cirrhosis is more common
by persons with overweight or smokers [23]. Figure
1.7 represents the percentages of newly diagnosed
liver diseases caused by alcohol abuse, hepatitis
B or hepatitis C. These values are from a private
clinic in the USA, measured in 2008.
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Figure 1.7: Percentages of liver cirrhosis by newly di-
agnosed liver diseases. Values from a private clinic in
the USA (2008). Reprinted from Wiegand et al. [23].

1.4.2 Diagnosis

The development of liver cirrhosis occurs in four
different stages as shown in Table 1.1. Due to the
large reserve capacity of the liver, liver diseases
often only cause problems if it has advanced to
stage 3 or 4. By then it is already too late for a
treatment. Unfortunately, in the first two stages it
is hard to determine whether there is an onset of
liver cirrhosis. The healthy part of the liver works
hard and is often able to completely substitute its
diseased counterpart, patients will not have any
complaints.

Table 1.1: The four stages of liver disease

Stage Liver disease

1 Inflammation

2 Fibrosis

3 Cirrhosis

4 End stage liver disease (ESLD)

In stage 1, inflammation of the liver can cause
abdominal pains as the body tries to fight the
infection or irritation. This first stage can be
caused by excessive alcohol consumption, hepatitis
B, hepatitis C or nonalcoholic fatty liver disease,
as mentioned in chapter 1.4.1. Alcohol abuse is
the toughest one, since it directly injures the cells
in the liver.

If this inflammation is not treated, it can lead
to liver damage and permanent scarring. The liver
comes into stage 2, also known as fibrosis. At this
stage, liver cells attempt to repair themselves, but
may result in scar tissue [24]. This scarring begins
to block the normal blood flow inside the liver.
Until here, it is still possible to treat the liver in
order to establish full recovery.
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Untreated liver fibrosis may lead to a permanently
damaged liver. At this moment, the disease has
advanced into stage 3. The liver gets stuck in
a continuous cycle in which it tries to repair the
damaged liver cells, which causes the scar tissue to
be more significant. This advanced fibrosis leads
to cirrhosis. The scar tissue is developed in such
an advanced stage that it cannot be cured. Treat-
ments include liver transplantation, delaying or
preventing the progression of further scarring. Be-
cause of the scar tissue inside the liver, it is not
able to perform its tasks properly. Portal hyper-
tension will be diagnosed. The blood flow from the
gastrointestinal tract will not be processed quick
enough. The blood in the PV will build up, the
body responds by making new veins, named col-
lateral vessels, to ensure that the blood flows from
the gastrointestinal tract back to the heart, bypass
the liver. Failing of the collateral vessels due to
increased blood pressure in the PV, can lead to in-
ternal bleedings (variceal bleeding). Besides this,
it can also cause an abnormal amount of fluid in
the abdomen [25]. From this stage, the fluid build
up in the abdomen is visible and pressure pain
around the liver can be felt.

People with cirrhosis who have signs of the pre-
vious complications may develop end-stage liver
disease (ESLD), stage 4. In this last stage, mul-
tiple symptoms arise. Besides the fluid build up
in the abdomen, the legs of the patient may swell.
In addition, yellow discoloration of the skin and
eyes can be detected, bruises are quickly visible,
the skin is itchy and will bleed easily, the patient
will feel nauseous and has no appetite. The best
treatment at this stage is liver transplantation [21].
If this is not possible an alternative treatment is
the TIPS procedure.

1.4.3 Treatment

Waiting lists for liver transplantation are often ex-
tensive. Even if a liver is available, there is always
the risk that the transplanted liver will not be ac-
cepted by the body. The alternative treatment for
ESLD is the TIPS procedure.

The concept of the TIPS procedure was developed
in the late 1960s and resulted from inadvertent ac-
cess to intrahepatic portal venous branches during
transjugular cholangiography [26]. In this oper-
ation, a shunt was placed between the HV and
PV for a brief duration. However, surgeons con-
cluded that other material may enable the shunt
to stay for a longer period. In the mid 1980s,
metallic expandable shunts were introduced. This
improvement allowed surgeons, when performing

the TIPS procedure, to insert shunts that would
hold for a longer time period. Since the late 1990s
the TIPS procedure has become well accepted as
a minimally invasive treatment for complications
of portal hypertension [26] (liver cirrhosis).

The TIPS procedure is performed by an IR in
order to decompress the high blood pressure in
the portal system of the liver, caused by cirrhosis.
Since curative therapy for ESLD is liver transplan-
tation, management of the disease becomes very
important, particularly if a patient is on an active
waiting list [27]. The blood pressure in the portal
system is decompressed by making a connection
between the RHV and the RPV with a stylet.
Nowadays, two ’access sets’ are available for this
procedure, the Rosch-Uchida Transjugular Liver
Access Set (RUPS) and the Ring Transjugular
Liver Access Set (RING). Both methods and sets
are from Cook Medical (©). This thesis will focus
on the method with the RUPS access set since the
RING set does not use a stylet for the intrahepatic
puncture.

In order to decide if a patient needs a TIPS proce-
dure, the IR use a portosystemic pressure gradient
(PSPG) to determine if there is portal hyperten-
sion. The IR measures the pressure in the PV and
in the inferior vena cava. In theory, there is portal
hypertension if the PSPG is greater than 6 mm
HG. Bleeding complications of portal hyperten-
sion usually occurs only when the PSPG exceeds
10 mm HG [26]. To decide whether the IR will
perform a TIPS procedure he will briefly consult
with his colleagues about the PSPG value and the
health of the patient.

If there is decided to do the procedure the IR
makes a small incision in the neck to enter the
jugular vein. From there, it is possible to access
the RHV with long thin catheters. By first making
a connection between the veins in the liver with
a stylet, a self expandable shunt can be placed
in order to preserve this connection. Figure 1.8
shows the liver after a TIPS procedure. The shunt
is placed between the RHV and the PV in order
to let the blood flow from the intestine through
the shunt to the hepatic vein. From this point, the
blood is redirected back into the systemic circula-
tion avoiding the liver, which reduces the pressure.

A Steerable Stylet for the Transjugular Intrahepatic Portosystemic Shunt Procedure



1.4. LIVER CIRRHOSIS

Chapter 1. Clinical Introduction

Right Hepatic Vein

Portal Vein

Figure 1.8: A schematic liver where a TIPS procedure
is performed. Blood flows through the placed shunt
from the PV to the HV, into the systemic circulation,
back to the heart.

Procedure

First of all, the pressure is measured in the PV by
inserting a 21G needle directly through the skin
into the PV. The IR uses ultrasound visualization
to locate the needle and check if it is in the PV.
Once in place, a guidewire is placed through the
needle to assist the positioning of a 4Fr catheter.
Through this catheter the IR is able to measure
the pressure with a special instrument. After the
measurement an angiographic catheter is placed
through the 4Fr catheter. With this angiographic
catheter, the IR can inject contrast liquid, which
is visible on CT scans, into the veins. From the
CT scans it becomes clear for the IR where the
veins and all its branches are located. This imag-
ing modality is known as fluoroscopy.

Secondly, the IR makes an incision in the neck
to enter the jugular vein with a 17G needle. An
introducer sheet with 10Fr Dilator and guidewire
(Figure 1.9, item 6), are inserted through the jugu-
lar vein into the inferior vena cava. The IR will
again measure the pressure, but now in the HV to
define the PSPG value of the patient.

If a TIPS procedure must be performed, the IR
uses the introducer sheet which is still in the in-
ferior vena cava, without the 10Fr Dilator. An
overview of the RHV an its branches are obtained
by using fluoroscopy again. An angiographic
catheter, with an angle of 30 degrees, is placed
through the sheet into the RHV. After fluoroscopy
took place and CT scans are made the catheter is
retracted from the body. A 14G stiffening cannula
with a 10Fr catheter (Figure 1.9, item 3 & 4), will
be pushed through the introducer sheet. Since the
stiffening cannula has an angle of 30 degrees in the
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tip, the IR is able to enter the RHV by maneuver
the 10Fr catheter.

Since the angiographic catheter from the first
steps is still in the PV, the IR can again apply
fluoroscopy to get an overview in one scan of the
stiffening cannula and the branches of the PV.
Unfortunately, CT scans gives only a 2D image as
result. As described in Chapter 1.2.1, the RHV is
located dorsal relative to the PV. The IR rotates
the stiffening cannula in the direction (ventrally)
of the PV. How far the cannula must be orien-
tated ventrally is determined experimentally and
on experience since this is not visible on the 2D
CT scan. Next, a stylet with a 5Fr Catheter (Fig-
ure 1.9, item 1 & 2) will go through the stiffening
cannula to perform the intrahepatic puncture to
the PV.

On CT scans, in combination with the fluoroscopy,
the IR can check whether the stylet is punctured
into the PV. If so, the stylet will be taking out,
while the 5Fr catheter stays in the PV. A sy-
ringe with contrast liquid is connected to this 5Fr
catheter. First, the syringe is pulled vacuum by
applying suction. If blood flows into the syringe,
the TR knows that he punctured directly in the
PV. If not, it is most likely that the stylet has
passed through the PV. The IR will then pull back
the syringe, including the 5Fr catheter, under a
vacuum conditions until blood enters the syringe.
If blood is visible, the IR inject the contrast liquid.
With new CT scans the IR checks whether the 5Fr
catheter is actually in the PV.

The syringe will be removed and a guidewire will
go through the 5Fr catheter into the PV. The 5Fr
catheter will be pulled back, the 10Fr catheter,
which was still in the inferior vena cava, will push
through the liver tissue into the PV, guided by the
guidewire. A self expandable shunt will be placed
over the guidewire and inside the 10Fr catheter.
The shunt is placed in the liver where it makes
the connecting between the RHV and the PV. The
guidewire and catheter are pulled back. Now, only
the self expandable shunt is in the liver. After
the shunt is expanded, the pressure is measured in
the RHV and PV again to check if the PSPG is
decreased.

All steps of the TIPS procedure, with the used
imaging method and instruments, are elaborated
in Appendix A. Figure 1.10 shows, on a CT scan,
the result of a TIPS procedure. A shunt is placed
between the RHV to the RPV to decrease the
pressure in the portal system.

A Steerable Stylet for the Transjugular Intrahepatic Portosystemic Shunt Procedure



1.4. LIVER CIRRHOSIS

Chapter 1. Clinical Introduction

10

‘ TROCAR STYLET .038 inch

2 EEE

3% %%
4=
5=

CATHETER 5 Fr

7
STIFFENING CANNULA 14 gage

CATHETER 10 Fr

DILATOR 12 Fr

FLEXOR CHECK-FLO®
INTRODUCER WITH DILATOR
10 Fr

ASSEMBLED ROSCH-UCHIDA
TRANSJUGULAR LIVER ACCESS SET

Figure 1.9: Needles and catheters used for the TIPS procedure according to the RUPS method. All catheters
and needles are assembled together in item 7. Reprinted from the instructions of Medical Cook ©) [6].

)

Figure 1.10: A coronal CT scan of the liver after a
TIPS procedure. A shunt connect the right hepatic
vein with the portal vein to reduce the pressure in the
portal system. Reprinted from Jeanne LaBerge [10].

1.4.4

Although the TIPS procedure reduces the pressure
in the portal system, it also brings potential risks.
For instance, the diverted blood flow may worsen
the liver function and increases the risk of the
brain swelling (hepatic encephalopathy)[28, 29],
which is the most common complication. In a
study from Zhao et al. [29], 30.6% of the 183
patients got hepatic encephalopathy (HE) within
5 years. Other patients got complications such
as suffering from recurrent or emerging gastroin-
testinal bleeding (27.9%), recurrent or emerging
refractory ascites or hydrothorax (12%).

Complications

HE is a result caused by liver dysfunction. Toxins,
like ammonia, stay in the blood. The best charac-
terized neurotoxin linked to HE is ammonia, the
primary source of ammonia is the gastrointestinal
tract [30]. Normally, the liver converts the ammo-
nia into glutamine and prevents an entry to the
systemic circulation. After a TIPS procedure the
blood will bypass the liver, there is no decreased
metabolism of ammonia and it will enter the sys-
temic circulation. Ammonia, and other toxins, will
be build up in the brain, which can cause mental
confusion, personality changes, memory loss, and
sleepiness.
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A treatment against HE is to revise or block the
shunt, so no blood will bypass the liver. For pa-
tients with liver cirrhosis this is not an option be-
cause they either suffer from portal hypertension
or from HE. Alternative treatments are given by
Andres T. Blei [31] by decreasing the nitrogenous
load from the gut, improve the extra-intestinal
elimination or to counteract abnormalities of cen-
tral neurotransmission.

1.4.5 Clinical Outcome

In this section only direct clinical outcomes are
discussed. It is difficult to compare outcomes over
several years, as patients are on waiting lists for
liver transplantation or may die due to other con-
sequences.

Although it is a challenging procedure, the suc-
cess rate of the TIPS procedure is very high. The
success rate in a study of Zhao et al. [29] was
95.7%. The procedure was performed at 191 pa-
tients where the success rate was measured directly
after.

In a study done by Heinzow et al. [32], the TIPS
procedure was performed at 81 patients divided
in two groups. A first group of 54 patients with
liver cirrhosis including variceal bleeding, and a
second group of 27 patients with cirrhosis and re-
fractory ascites. After the TIPS procedure, which
was successful at every patient, the average PSPG
significantly decreased from 23.4 4+ 5.3 to 11.8 +
4.0 mm Hg in the first group versus 22.1 £ 5.5 to
11.7 + 4.2 mm HG in the second group (p = 0.001).

Han et al. [33] did a study for a group of 38 pa-
tients, a success rate was achieved of 96.6%. TIPS
were successfully placed in 36 patients. Measuring
the pressure afterwards concludes that the PSPG
was significantly decreased from 15.5 + 6.3 to 7.8
+ 4.1 mm Hg (p < 0.01).
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Finally, Keller et al. [26] did a research to avail-
able TIPS results since the late 1990s. As a result,
from the late 1990s till 2016 the technical suc-
cess rate of performing the TIPS procedure with
skilled hands was 97.3%. From all the procedures
which were measured the rate of fatal procedural
complications was low (2.2%).

1.5

Even though the TIPS procedure has proven to
be very effective, especially when people are not
eligible for a liver transplantation, the procedure
is still complex. During the procedure multiple
catheters, needles and sleeves are inserted and re-
tracted. The most important step is the intrahep-
atic puncture, where the stylet is pushed through
the RHV into the RPV. A schematic view of the
intrahepatic puncture can be seen in Figure 1.11.

Problem Statement

Stiffening Cannula

Right Hepatic Vein

Portal Vein

Figure 1.11: The intrahepatic puncture between the
RHV and RPV with the stylet. In green the stylet, in
orange the stiffening cannula (item 1 and 3 in Figure
1.9).

The orientation of the veins and its branches in the
liver is an important issue since they are not lo-
cated at the same place for every patient. In order
to locate the instruments and veins, 2D imaging
methods are used. With these methods, radiolo-
gists have difficulties with pointing the pre-bent
stiffening cannula ventrally into the direction of
the RPV. Even when the orientation of the pre-
bent stiffening cannula is correct, the IR rarely
pushes the stylet from the RHV directly into the
PV. This problem occurs due to the stiff tissue of
the sick liver, wherefore deflection of the stylet can
occur. Because of this deflection, it sometimes oc-
curs that the intrahepatic puncture step has to be
repeated multiple times before entering the RPV.

Improving the stylet with a steerable tip can help
the IR to reduce the complexity of the procedure.
When the stylet is able to steer in liver tissue,
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deflections can be prevented by adjusting the tip,
and a wider range of motion (RoM) to adjust the
stylet into the desired direction can be achieved.
These both advantages will reduce the uncertainty
to enter the PV.

Another problem concerning the TIPS-procedure
is the lack of available realistic test models. The
orientation of the stiffening cannula during the in-
trahepatic puncture step is orientated mostly on
experience. Due to ethical and practical issues,
it is not feasible for new IRs to test on biological
tissues like real livers. For the TIPS procedure one
test/training model from Cook Medical (©) was
found. In this model, the veins and liver tissue are
made of a material which do not correspond to real
tissue. With a more realistic test model new IRs
can train the procedure to becomes comfortable
with it. Besides this, with a good model an IR is
also able to test and train with the steerable stylet
to see if the complexity of the procedure will be
reduced. For a good model the HV and PV must
be integrated and the material must mimic liver
tissue.

1.6 Research Question

The goal of this thesis is to reduce the complexity
of the intrahepatic puncture step during the TIPS
procedure to increase the hit rate to enter the por-
tal vein. To reach this goal this thesis is focused on
designing a steerable stylet which is used for the in-
trahepatic puncturing step. The following research
question is formulated.

Research Question:

"Wall the hit rate increase to enter
the portal vein during a TIPS
procedure by using a steerable stylet
for the intrahepatic puncture?”

1.7

To find an answer on this research question, some
sub question have to be answered first. A possible
problem by making the tip steerable is the stiffness
of the stylet. If it loses its stiffness because of a
flexible tip, it will cause even more uncontrollable
deflections of the stylet during the intrahepatic
puncture. A sub question to answer is: ”Is the
steerable stylet stiff enough to puncture through
liver tissue?”

Objective and Approach
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Besides this, the desired RoM is important to
know. Therefore, the position of the portal vein
relative to the right hepatic vein is important to
know. The second sub question is: ”What is the
desired range of motion in the steerable stylet be-
fore it has an advantage over the original stylet?”

To approach this sub questions, and the research
question, a new design for a steerable stylet is dis-
cussed and made. With a stylet with steerable tip,
the IR has more freedom, can more easily orien-
tate the stylet to the PV and is able to prevent
deflection during the intrahepatic puncture. These
benefits will contribute to a better hit ratio. Sec-
ondly, a test model is build to test and train the
TIPS procedure with the new designed steerable
stylet. The hit rate of the setup with the steerable
stylet will be compared with the original setup.

Before a new design can be made for the steerable
stylet, the complexity of the TIPS procedure must
be fully comprehend. Information from literature
was found, ordered and discussed. All different
steps of the treatment were closely investigated.
A step-by-step plan with the required instruments
and visualization methods are described in Ap-
pendix A. This plan is developed by watching
instruction movies of the supplier (Cook Medi-
cal (©)), reading articles, interviewing an IR and
attending two TIPS procedures. The literature
has established a set of criteria and requirements
which are taken into account by designing the new
steerable stylet and test model.

In order for the test model to be appropriate, it
has to contain the relevant veins which will be ap-
proached during the TIPS procedure. To make the
test model as realistic as possible, it is necessary
that the material mimic liver tissue and the stylet
does not follow previous punctured tracks. Since
the puncturing is mainly done in the liver part,
this part must be made easily replaceable. And
since a liver with cirrhosis is stiffer than a healthy
liver, it is desired that the IR can test needles and
stylets in livers with different characteristics. In
order to find specific characteristics for liver tissue
existing literature was closely studied.

In the end, after designing the steerable stylet and
test model, experiments were done with the origi-
nal and the steerable stylet to compare their char-
acteristics. To find answers on the sub questions,
experiments are done to compare the maximum
steering angle, the joint stiffness characteristics,
the maximum force exerted by the tip and the
visibility of the steerable stylet in relation to the
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original one. Since the pre-bent stiffening cannula
influences the stylet, experiments are done in com-
bination with and without the stiffening cannula.
For the visibility, experiments are done with a test
setup including an ultrasound device where the
visibility of the tip and shaft of the stylet is tested
in different angles. Finally, a conclusion is drawn
whether the steerable stylet is able to increase the
hit ratio during the intrahepatic puncture. If so,
it will reduce the overall complexity of the proce-
dure and the procedure time. To validate this, the
TIPS procedure will be executed by IRs on the
test model with the steerable stylet.

1.8 Thesis Outline

This thesis contains the following chapters:

e Chapter 1: Clinical Introduction. Introduc-
tion about what this thesis is about, what
the TIPS procedure is, the research goal and
how this goal is approached.

e Chapter 2: Technical Introduction. What
kind of research is already done on steerable
instruments. What kind of joint mechanisms,
actuation types and materials are normally
used for steerable instruments. This chap-
ter ends with design criteria for the steerable
stylet.

e Chapter 3: Concept and Prototyping. A few
concepts are worked out with criteria points
in mind. All sub parts are discussed to mo-
tivate design choices and the first part will
be closed with a final concept. In the second
part of this chapter the prototyping phase
will be discussed.

e Chapter 4: Evaluation. The prototype is en-
countered in a few experiments to evaluate
if the steerable stylet reduces the complex-
ity of the current TIPS procedure. For every
experiments a small conclusion is drawn.

e Chapter 5: Discussion. The pro’s and cons of
the steerable stylet will be discussed. Which
improvements are needed before it can be
used by interventional radiologists, and what
were the limitations during the experiments,
and how can they improved? In the end rec-
ommendations for further research are given
in order to the problems which arose during
this graduation project.

e Chapter 6: Conclusion. The research ques-
tion will be answered. By looking at the re-
sults from the experiments, an overall conclu-
sion can be drawn about the steerable stylet.
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To provide the best steerable solution to reduce
the complexity of the TIPS procedure, this section
contains a technical introduction for different joint
mechanisms, steering techniques, materials, actu-
ation types, transmissions and visibility properties
found in literature for needles.

Steerable Instruments

Technical Introduction

2.1.1

A mechanism can be described as a mechanical
device, an assemblage of links connected to each
other by joints, in such a way the links are allowed
to move in a controlled relative motion [5]. In
order to achieve a steerable output from a sim-
ple input, multiple mechanical components will
interact together in the distal end, actuated at the
proximal end. Medical steerable instruments often
have small diameters, which makes the steering
mechanisms complex.

Joint Mechanisms

Mechanisms for steerable instruments can be di-
vided in two movement categories, planar (2D) or
spatial (3D) [34]. The principle of the planar joint
is a mechanism which allows a rotational move-
ment in one plane (2D), in other words, it has one
degree of freedom (DoF). An example of a planar
joint is shown in Figure 2.1.

1-DOF Revolute joint

Figure 2.1: Example of a planar joint with 1 DoF.
Reprinted from David Kelly [35].

A spatial joint is a geometrical extension of the pla-
nar joint which can be divided in spatial perpendic-
ular and spatial revolved mechanisms. The spatial
perpendicular mechanisms is limited in two-planes,
it allows two rotational movements in two perpen-
dicular planes (2 DoF). The spatial revolved mech-
anism allows, next to the two rotational move-
ments, also a rotational movement around a third
axis (3 DoF). How these movements are made de-
pends on the mechanism. Figure 2.2 shows exam-
ples of both spatial mechanisms, with their rota-
tional movements indicated and DoF denoted.
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2-DOF Saddle Joint 3-DOF Ball-and-Socket Joint

(a) Spatial perpendic-
ular joint with 2 DoF.

(b) Spatial revolved
joint with 3 DoF.

Figure 2.2: A representation of both spatial joint
mechanisms. Reprinted from David Kelly [35].

Next to the rotational movement, joint mecha-
nisms can also be divided in how the rotational
movement is established. Options for these move-
ments are rolling, sliding, a combination of both or
by deforming material (compliant). An overview of
joint mechanism examples are shown in Table 2.1.

Rolling Joints

Rolling joints consist of two or multiple inter-
facing halves. During the rotational motion the
halves will roll against each other, around a shared
contact point. These halves will rotate with re-
spect to each other along a trajectory defined by
their curvature. Because the contact area be-
tween the halves is very small, such mechanism
will slip quickly. A bending movement for a planar
rolling joint is represent in Figure 2.3. Perpendic-
ular rolling joints consists of a combination of two
planar rolling joint aligned perpendicular to each
other, wherefore the mechanisms can rotate around

two axes.

(a) Two halves in a par-
allel state.

Contact Point Contact Point

(b) Two halves after a ro-
tational movement.

Figure 2.3: Overview of the rotational movement for
a rolling joint mechanisms.

Because of the translation on a small surface during
the rotational movement, the rolling joint halves
are susceptible to transverse and axial split, or even
worse, a disconnection between the halves can oc-
cur. To prevent slip, physical features such as gears
or belts can be used. To prevent split, additional
constraints e.g., stops or driving cables must be
applied [34]. In general, this mechanism is not tor-
sional stiff and needs adjustments before it can be
used properly as a steering mechanism.
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Table 2.1: Examples of joint mechanisms ordered by mechanism type and rotation movement.

Reprinted from Jelinek et al. [34]

Mechanism \ Planar Spatial Spatial
Movement Perpendicular Revolved
Rolli % !m-‘-l\\\&
olling Uy q ’5 !J“L/ g
Patented by Allred and
al. [36] al.[37] Bingham [38].
Sliding

Patented by Stroup and
Deptala [39]

Patented by Marczyk et
al.[40]

al.[37]

Rolling Sliding \%\:\Z’fi@@@

Patented by Menn [41]

Patented by Saadat et

Compliant

Patented by Stone et al.
[44]

Patented by Dewaele et
al. [45]

al. [42]

T~z Sz

Patented by Breedveld
and Scheltes [46]

Sliding Joints

The working principle of the sliding joint looks
similar to the rolling joint. However, the halves
of the sliding joint have a perfect geometry. The
rotational movement is made about a fixed point
which can be given by a pin, pivot or a protru-
sion in one half. Sliding joints can be divided by
hinged and curved joints. Sliding hinged joints are
connected by, for example, a pin, and will rotate
around this connection. An advantage is that it is
compact and has a big range of motion, especially
compared to the sliding curved joints where the
halves works with at one side a protrusion and the
other side a notch, a kind of puzzle pieces which
yield for a smooth bending. The rotation will fol-
low the curvature, but since the protrusion has to
fit in the notch there is not much space to rotate.
The range of motion of single sliding curved joints
are very low.

Figure 2.4 and 2.5 shows rotational movements for
a planar hinged and planar curved sliding joint.
The planar hinged mechanism got his fixed rota-
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tion point by a pin with a big range of motion.
The rotation of the planar curved mechanisms will
follow the curvature of the pieces with a very low
range of motion.

@ Rotation Point

(a) Two halves in a par-
allel state.

@ Rotation Point

(b) Two halves after a ro-
tational movement.

Figure 2.4: Overview of the rotational movement for
a planar hinged sliding joint mechanisms.

<J'TJ‘ Rotation Point ® Rotation Point

(a) Two halves in a par- (b) Two halves after a ro-
allel state. tational movement.

Figure 2.5: Overview of the rotational movement for
a planar curved sliding joint mechanisms.

A Steerable Stylet for the Transjugular Intrahepatic Portosystemic Shunt Procedure



2.1. TECHNICAL INTRODUCTION

Chapter 2. Steerable Instruments

Because of the fixed rotational point both curved
and hinged joint mechanisms are good resistant
against transverse split. If the pin in the hinged
mechanisms is locked, extra constraints are added.
The hinged joint will then prevent axial split and
the torsional stiffness will increase. Extra con-
straints for the curved sliding mechanisms depends
on the design. If there are not constraint to pre-
vent axial split, it is possible that the two halves
are separated from each other by an axial force.

Rolling Sliding Joint

This joint type is a combination of the rolling and
sliding joint where the halves have the possibility
to roll and to slide against each other. The joints
looks similar to sliding curved joints, only with
looser constraints. More specific, the joint motion
can involve the combination of partial rolling and
sliding at the same time, first rolling then sliding,
or just sliding itself [34]. Rotations and transla-
tions can be done simultaneously or sequentially.

The halves of these joint mechanisms have a shared
contact point but no fixed rotation point. Dur-
ing a rotational movement the halves will rotate
around the contact point when this contact point
slides along the curvature of the halves. In gen-
eral, these mechanisms are more susceptible to
axial split, transverse split, and to axial spin then
the rolling or sliding mechanisms. But again, the
design of such joint mechanisms can decide the
amount of extra constraints. By designing more
constraints the mechanism will be better resistant
against the split and spin problems, but will give
also more friction during the rotational movement.

> Contact Point|

(a) Two halves in a par-
allel state.

9 Contact Point|

(b) Two halves after a ro-
tational movement.

Figure 2.6: Overview of the rotational movement for
a planar rolling sliding joint mechanisms.

Compliant Joints

Compliant mechanisms are flexible, monolithic
structures, in which the deflection of designated
flexible members, so-called flexure hinges [47],
transmit force, motion, and energy. These joints
get their functional properties by a single piece of
material. For a compliant joint mechanism mate-
rial is removed in such a way that a flexible part
is created with the desired properties. Figure 2.7
shows a planar compliant joint. This mechanism
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can rotate in the plane perpendicular to the plane
where material is removed as shown in Figure 2.7b.

(b) The planar compli-

ant mechanism after a
rotational movement.

(a) Compliant planar
joint

Figure 2.7: Overview of the rotational movement of
a compliant joint mechanisms.

The characteristics of the mechanism depends on
the dimensions of the flexural part and material
properties, such as stiffness and yield stress. These
dimensions and material properties will have an in-
fluence on the range of motion, and the resistance
against torsional, axial and lateral forces [34]. In
general, a big advantage of compliant mechanisms
is that it is made out of one piece of material. More
constraints are directly into the mechanism com-
pared to the other mechanisms wherefore it is gen-
erally better resistant to the torsional, axial and
lateral forces.

2.1.2

Steerable mechanisms can also be classified by
their steering technique. A division is made be-
tween the active and passive steering techniques.
Bending forces during passive needle insertion are
a direct result of the interaction between tissue and
the tip. Some surgeons use the flexibility of a bevel
tip needle during insertion to increase maneuver-
ability and refer to it as passive needle steering.

Steering Technique

Passive steering technique depends on the be-
haviour of the needle, the tip shape and the prop-
erties of the inhomogeneous tissue. Figure 2.8
shows the forces on the needle during puncturing.
In case of the bevel tip, the forces on the tip caused
by the tissue, are asymmetric and will deflect the
needle. In combination with rotating the needle
entirely, the passive steering technique can be used
to steer the needle in the desired direction. Figure
2.10 shows a curved operation path, made with
a bevel tip needle. Symmetric tip shapes, e.g.
conical or triangular, exerts the forces while punc-
turing equally as shown in Figure 2.9. As a result,
symmetrical tips cannot be used for the passive
steering technique.
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Figure 2.8: The bevel-tip needle exerts forces asym-
metrically. Cutting tissue occurs at an offset angle.

Figure 2.9: The conical tip (symmetrical) exerts
forces from the tissue equally.
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Figure 2.10: A curved operation path, steered with
a passive steering technique by puncturing and rotat-
ing the entire needle with bevel tip. Reprinted from
Webster et al. [48].

Active steering can already be applied before there
is any interaction between the tip and tissue [49].
With this technique, it is potential to achieve a
higher accuracy and precision to reach the opera-
tion target compared to rigid straight needles [50].
Besides this, active steering technique can be used
with all kind of tip shapes, will not be influenced
by the inhomogeneous tissue and is easier to con-
trol for the surgeons the passive steering. Active
steering techniques can be divided in two types re-
garding how the steering mechanism is induced,
pre-defined or on demand [50]. Pre-defined nee-
dles are already bent to the desired angle before
they have any interaction with tissue. On demand
steering needles have the possibility to change the
steering angle anytime by an actuation which can
be controlled by a controller or human hand, in fee
air or when the tip is in tissue.

2.1.3  Stylet Materials

The material choice for the stylet will decide some
characteristics of the stylet, which will influence
the behaviour during a puncture. Connecticut Hy-
podermics Inc. [51] is a company which is special-
ized in making stylets and uses the following mate-
rials in their stylets: 304 Stainless Steel, Type 316
Stainless Steel, Inconel 625 and Nitinol.
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304 Stainless Steel

For needle applications 403 stainless steel is the
most common and widely accepted material. It is
available in different ranges of hardness and ten-
sile strength. Besides this, a range of choices to
finish the surface of the inner and outer diameter
is available. A silicone or polytetrafluoroethylene
(PTFE) coating can easily be added to the stylet
to reduce the friction force during insertion. For
better echogenic, the ability to bounce an echo,
the tip area of the stylet can be improved with a
special echogenic coating.

316 Stainless Steel

Type 316 stainless steel has almost the same prop-
erties as 304 stainless steel but differs in composi-
tion. 304 Stainless Steel contains 18% chromium
and 8% nickel while 316 contains 16% chromium,
10% nickel and 2% molybdenum [52]. The molyb-
denum helps to resist against corrosion. Since 316
stainless steel is more expensive it will only be used
in stylets for applications with higher corrosion po-
tential.

Inconel 625

Inconel 625 is also a nickel-chromium-molybdenum
alloy and can be used for stylets if corrosion still
occur by stylets made of 316 stainless steel. Com-
pared to 316 stainless steel, inconel contains more
percentage molybdenum (8 - 10%) and is there-
fore a perfect alloy which is oxidation and corro-
sion resistant [53]. Inconel is used for instruments
in highly corrosive applications.

Nitinol

Lastly, there is nitinol, a super elastic shape mem-
ory material which contains approximately 50%
nickel and 50% titanium [54]. For most engineer-
ing materials, load increases in a linear relationship
with the deflection or stretching within the mate-
rial. Nitinol responds different, large strains can be
accommodated on loading, or recovered on unload-
ing, with only a small change in stress [55, 56, 54].
This characteristic makes nitinol super elastic, it
has the ability to withstand and recover larger de-
forming stresses than normal engineering materi-
als. Next to this, nitinol is a shape memory alloy.
During manufacturing of nitinol, a heat treatment
to 450-550 °C for 1-5 minutes can be done where it
is clamped in a custom shape, this process is called
shape training [55]. Nitinol remembers the shape
during the heat treatment, if it is heated afterwards
above the transformation temperature range, it is
able to recover to its memorized shape.
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2.1.4

The actuation for a steerable joint in an on de-
mand steering technique takes place at the prox-
imal end, and can be done in various ways. The
greatest influence on the actuator choice are the
necessary DoF for the steering part. More DoF
will result in a more complex actuator mechanism.
The most obvious and natural solution for an ac-
tuator is with a rotational movement since also a
rotation takes place at the distal end. By mak-
ing a translation movement at the proximal end,
for example by pressing a button, it will be dif-
ficult for the surgeon or IR to properly estimate
the orientation of the steering mechanism. Figure
2.11 represents three schematic examples for ac-
tuator mechanisms with different DoF, all with a
rotational movement at the proximal end.

A N

Actuator Mechanisms

(a) A planar movement with 1 degree of freedom. Actu-

ation by a lever.

(b) A spatial perpendicular mechanism with 2 degrees

of freedom. Actuation by a joystick.

(¢) A revolved spatial mechanism with 3 degrees of free-
dom. Actuation by a joystick which is also able to rotate

around its own axis.

Figure 2.11: Three examples of actuation types
which represents different DoF. (a) 1 DoF. (b) 2 DoF.
(c) 3 DoF.

Figure 2.11a shows a planar movement, a rotation
in one plane. A simple lever at the proximal end
can achieve a same movement at the distal end.
Spatial mechanism can be actuated by, for exam-
ple, a joystick as represented in Figure 2.11b. With
this joystick movements can be made in the sagit-
tal plane, for a front and back movement, and the
transverse plane, for a movement to the left and
right. These movements in the actuator will make
the same rotational movements in the distal end by
using a more complex transmission and joint mech-
anism. Lastly, Figure 2.11c represents an actuator
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mechanism with 3 DoF. This principle works the
same as the spatial mechanisms with a joystick but
can also rotate the joystick on itself. Such mecha-
nisms are known as a spatial perpendicular system,
which is able to realize a 3 DoF movement, but is
also very complex.

2.1.5 Transmission

To achieve a rotational movements in the dis-
tal end, a transmission between the actuator and
joint mechanism is needed. Some joint mechanisms
needs a translation movement seized in the joint,
where others needs a rotational movement in the
joint. Typical transmission options for engineering
are mechanisms like gears, cables, rods or the use
of energy sources for a thermal actuation, like heat.

Where gears in mechanical designs are often used
to generate a transmission from rotation to rota-
tion, or from rotation to translation using a worm
gear, the decision to opt for gears in the medical
world is not self-evident. Gear transmissions are
susceptible for friction, slip and wear. Especially
if they are scaled down to small sizes what is often
a requirement in medical applications, especially
for medical instruments.

Thermal

As described in Chapter 2.1.3 there are shape
memory alloys like nitinol, which can recover the
memorized shape when heated above the transfor-
mation temperature. Using this characteristic, a
thermal transmission can be created for medical
applications. By heating up the nitinol it becomes
possible to make a rotational movement in the dis-
tal end when the memorized shape was in an angle.
It become also possible to achieve a translation if
nitinol wires were stretched during the shape train-
ing. Heating it up will create a small translation
movement since it remembers its stretched shape.

Cables and Rods

Cables can be used to create a mechanism with a
translation as transmission. This can be achieved,
for example, by pull a cable (translation), or by
rolling up a cable (rotation). A disadvantage of
cables is that a push translation is not feasible,
only pull movements can be performed. A planar
rotation in the tip of an instrument which must
be able to rotate to both sides can be achieved
by implementing two cables in the design. Each
cable can be pulled, so a steering movement can
be made in both directions.

Rods does not have this problem, both push and
pull translations can be created with one single
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rod. Unfortunately, with a rod it is not possible
to get a translation directly from a rotation. To
convert a rotation an intermediate step has to be
made. If this intermediate step is done properly,
a push or even a pull translation can be achieved
from a rotational movement. For example, a joint
mechanisms with a fixed rotation point given by a
hinge is able to rotate by a push or pull transla-
tion if a rod is connected to the tip with a hinged
spacer.

2.1.6  Visibility of the Tip

Before the TIPS procedure is performed, scans are
made of the patients body with computer tomo-
grafie (CT) or magnetic resonance imaging (MRI)
imaging scans. The used method depends on the
health of the patient and whether he/she has met-
als in the body that can be attracted by the MRI.
Both imaging methods will make a body scan
which can be divided in layers. The radiologist can
scroll through the layers to see specific areas of the
body. If there is liver cirrhosis, or the beginning of
a disease, it can be seen from the scans. If the liver
has already cirrhosis, fluid will be visible around it.

During the TIPS procedure the IR is guided by ul-
trasound, CT scans and fluoroscopy, as described
in chapter 1.4.3. During the procedure it is impor-
tant that the veins of the human body are visible,
which is done with fluoroscopy. On the other hand,
the tip of the stylet must be visible on the scans
in order to locate the stylet and to check its orien-
tation for the intrahepatic puncture. To increase
the hit rate during the intrahepatic puncture, the
visibility of the tip inside the veins of the human
body is an important criteria to take into account.

Nowadays, a lot of developments aim to increase
the visibility by enhancing the imaging methods
or the reflection properties of the needles [57]. Van
de Berg et al. [57] did a study to the visibility of
different needles by doing experiments with nee-
dles punctured into a PVA sample. While the
sample rotated around a fixed ultrasound probe,
pictures could be captured from different angles
inside the PVA. As result, a standardized set of
reflection conditions for the comparative analysis
of the needle echogenicity where needles with flat
surfaces in the tip or kerfed patterns in the shaft
were the best visible. By using this experimental
setup and the already know standardized set and
graphs, a conclusion about the visibility of the
steerable stylet can be derived if it is at least as
good visible as other common needles.
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2.2

Problems like sterilization, re-usability, ease of use,
human errors and costs are known for medical in-
struments. Needles for interventional procedures
will cause even more problems like: imaging limita-
tions, needle deflection, target uncertainty, tissue
deformation, registration error and, in the case of
hand-held needles, the surgeon’s hand—eye coordi-
nation [58, 59].

Design Criteria

The complexity of the TIPS procedure, especially
for the intrahepatic puncture, is largely due to
problems as described above. In order to reduce
this problems, this chapter will discuss all sub com-
ponents and their criteria before a design for the
steerable stylet is made. The requirements of the
design can be divided in Mechanical Requirements
and Medical Requirements.

2.2.1 Mechanical Requirements

The mechanical requirements that the steerable
stylet must meet can be subdivided into: steer-
ing technique, number of parts, degrees of freedom,
joint mechanism, actuator mechanism, transmis-
sion and material choice.

Steering Technique

As described in Chapter 2.1.2 there are two sorts
of steering techniques; passive and active. Since
the goal of this thesis is to increase the hit rate
to enter the portal vein during a TIPS procedure,
where image limitations are already a problem, it
will not be a good choice to apply a passive steer-
ing technique. It would become very hard for the
IR to make a ventral steering curve performing the
intrahepatic puncture, guided by 2D image modal-
ities.

A pre-bent active steering technique is already
be applied by entering the RHV with the pre-bent
14G stiffening cannula. Using another pre-bent
active steering technique for the stylet brings some
disadvantages. Firstly, it will decrease the ability
to push the stylet through the 14G stiffness can-
nula, because the stylet is already bent before it
enters the stiffening cannula. And secondly, the
stiffening cannula is directed towards the RHV
when it is inserted. If the stylet is pushed through,
it has a very small space to orientate ventrally in
the direction of the PV for the intrahepatic punc-
ture.

The on-demand active steering technique, on the
other hand, is very interesting to look at. If the
stylet gets the possibility to steer when needed,
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the stylet can first be pushed through the stiffen-
ing cannula before a steering movement is accom-
plished. When the RHV is entered by the stiffening
cannula, the stylet can directly pushed against the
wall of the RHV. The IR can steer the tip of the
stiffening cannula ventrally, in the direction of the
portal vein. The stylet can be punctured through
the liver tissue. If needed, it would be possible to
steer by to correct the puncturing path.

Minimum Number of Parts

Another criteria point is the complexity of the
mechanism. In general, complex steering mech-
anisms need more space and have often not the
ability and feasibility to minimize. In order to keep
the stylet with the same diameter (0.9652mm), less
parts are desired. Complexity also bring more
costs of manufacturing based on the increased
number of parts, the time spent in arriving at a
suitable design, and will be more sensitive for dam-
age. The design of the steerable mechanism must
contain as less parts as possible while it is still able
to minimize and achieve the desired steering pos-
sibilities.

Degrees of Freedom

During a TIPS procedure the IR turns the stiff-
ening cannula first into the RHV. Afterwards, the
stiffening cannula will be rotated ventrally as far
as possible into the direction of the PV, guided by
the fluoroscopy. By making this movement, the IR
ensures that the distal end of the stiffening cannula
is in one plane with the PV, obliquely forward with
respect to the HV. For improving the certainty to
enter the PV the stylet must have the ability to
steer in that plane. Since the mechanism must as
simple as possible and only a steering movement in
one plane is required, a 1 DoF planar joint mech-
anism is sufficient to facilitate the procedure.

Joint Mechanism

In Chapter 2.1.1 the rolling, sliding, rolling slid-
ing and compliant mechanisms are discussed. The
DoF for a mechanism is easy to define since these
will depend whether a mechanism is planar, spa-
tial perpendicular or spatial revolved. To decide
whether the rotation point is fixed or not, depends
mainly on the joint type, which is explained in
chapter 2.1.1. To determine the RoM for the differ-
ent steerable joint mechanisms, available steerable
instruments are studied. In this case, the RoM
is often found by laparoscopic instruments since
these are much more common on the medical mar-
ket. A disadvantage of these instruments is the
larger diameter which is around 5 mm. To reduce
the complexity and sensitivity of the steering joint
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mechanism, the minimum number of parts which
are needed to realize a steering movement are im-
portant to know as well. Lastly, a distinction is
made between the different stiffness characteris-
tics for the joint mechanisms. Chapter 2.1.1 al-
ready discussed the torsional stiffness, the trans-
verse split and axial split for different joint types
a bit. The torsional stiffness will define how good
a mechanism is resistant against torsional forces.
The sensitivity for transverse and axial split in a
mechanism, which can be caused by axial and lat-
eral forces, is described with the lateral and axial
stiffness. How stiffer the mechanisms, how better
the resistance. Figure 2.12 represents the axial, lat-
eral and the torsional forces which will act on the
stylet during insertion into tissue. Unfortunately,
it is hard to find values for those forces and stiffness
characteristics in literature or patents. To define
the characteristics a classification is used which is
made in another literature study [60]. The stiffness
of the different mechanisms are ordered as in Table
2.2.

Torsional  ,”
Forces /

/
IL’ateraI
Forces

\\_’

Figure 2.12: A representation of the axial, lateral
and torsional forces on a needle.

Table 2.2: Classification to define the stiffness and re-
sistance against the axial, lateral and torsional forces.

Classification Description
A High stiffness, good resistance
against forces.
B Medium stiffness, some resistance
against forces (not as high as A).
C Low stiffness, forces have influence

on the accuracy of the mechanism.

In Table 2.3 all different joint types are listed with
their characteristics. However, a side note has to
be made. The results of Table 2.3 are based on
existing medical research papers and patents till
October 2017. Even though the most recent lit-
erature has been taken into account by then, it is
possible due to the quick development of technol-
ogy that the results could be outdated.

From Table 2.3 and the literature from chapter
2.1.1 the complaint joint has the best resistance
against the torsional, lateral and axial forces, im-
mediately followed by the planar sliding hinged
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Table 2.3: Joint Mechanisms and their characteristics

Joint Mechanism

Characteristics
Joint Rang.e of lee.d Torsional Lateral Axial Ml nimum - Minimum
tvpe Movement DoF Motion Rotation Stiffness  Stiffness Stiffness Diameter Steerable
yP [degrees] Point [mm] # Parts
Planar 1 100 [36] No B B [¢] 5.0 [36] 2
Rolling Perpendicular 2 180 [37] No C B C 12.88 [37] 3
Revolved 3 40 [38] No C C C 9.5 [38] 3
Sliding Planar 1 180 [39, 61] Yes A B B 5.5 [39] 2
Curved Perpendicular 2 180 [62, 40] Yes A B B 5.0 [62] 2
Revolved 3 180 [63, 64] Yes B B B 2
- Planar 1 >180 Yes A B A 2.0 [65] 3
Sliding 8.0 [67]
Hinged Perpendicular 2 180 [66] Yes A B A ' 4
6.3 [68]
Rolling Planar 1 180 No B B C 4.0 [69] 2
Sliding Perpendicular 2 180 No B B C 16.00 [42] 3
Revolved 3 180 No C C C 3
Planar 1 180 [70] Yes A A A 0.36 [70] 1
. 15-45 [71, 72]
Compliant . 90 [73, 74]
Perpendicular 60 [75] Yes A A A 5.0 [73, 75] 1
Revolved 3 90 [76] Yes B B B 1.0 [46] 1
joint. Figure 2.13 represents a planar compliant Actuator Mechanism

and a planar sliding hinged joint. The compliant
mechanisms have the ability to be miniaturized
and can be injection-molded out of one piece of ma-
terial. It can easily be fabricated as a monolithic
structure due to its hinge-less nature in design.
Due to this advantages, less parts are required
compared to traditional joints. Besides this, com-
pliant mechanisms compared to rigid body systems
connected by a conventional pin joint, are poten-
tially more accurate, better scalable, cleaner, less
noisy and more cost saving in manufacturing and
maintenance [47].

For making the actuator mechanism as simple as
possible for the IR, only the necessary movement
is recommended. As describe above, a planar (1
DoF) movement in the tip of the stylet is desired
in order to improve the procedure. As described
in section 2.1.4 the most obvious solution for the
actuator is to use a rotational movement so the IR
can properly estimate the orientation of the stylet.
Pressing or pulling a button will not feel as a natu-
ral movement for a rotation in the tip. A rotational
movement as actuator is desired, this will be feel
more natural and is easier to control for the IR. A
1 DoF movement can be made with a simple lever,
a joystick or a wheel as shown in Figure 2.14.

(a) Compliant conven- (b) Standard revolute
tional flexure joint (a) Lever as actuator

Figure 2.13: In (a) a compliant conventional flexure

L |
with the same rotation possibilities as a sliding hinged
joint, represented in (b). The sliding hinge joint con-
tains a higher RoM, but need more parts to create
the rotational movement. Reprinted from Speich et
al. [77].

(b) Joystick as actuator (c) Wheel as actuator

Figure 2.14: Overview of three different planar actu-
ator mechanisms with a rotational movement.
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Transmission

The transmission is a challenge since the stylet
may not differ much from the current stylet. If it
is made with a bigger diameter, it will no longer
fit through the 5Fr catheter and the stiffening can-
nula, other instruments must then be adapted as
well. The current stylet has a diameter of 0.9652
mm and is 62.5 cm long. First of all, since the
stylet is that long, a rotational movement as trans-
mission from the proximal to distal end is not pos-
sible. The steering movement from the proximal
end must be transmitted to the joint mechanism
by a translation. Since the actuator creates a ro-
tational movement an internal intermediate step
is needed to make a translation from the rotation
given by the actuator. This intermediate step will
require some extra space in the handle of the stylet.

To create the translation, gears are not a suit-
able transmission due to the small teeth. A lot
of slip will occur so it becomes hard to make a
precise and accurate movement. As a requirement
the stylet have to steer in one plane to both sides,
even when it is in tissue. The transmission can be
done by cables, nitinol or rods. For the transmis-
sion with cables or nitinol at least two cables or
wires must be attached from the proximal end to
the distal end which will take some space around
the stylet. The principle with rods can make a
rotation to both sides with only a push or pull
translation. Such principle is already applied in
a thin steerable ablation needle designed by Nick
J. van de Berg [78]. The stylet is covered within
a thin rigid cannula. The front of the stylet con-
sists of two parts that meet in the tip. The rigid
cannula ensures that one side is fixed just in front
of the steering mechanism. By pushing or pulling
the non-fixed half of the stylet, a rotation in the
tip can be achieved. Also with the rod principle
some extra space around the stylet is needed since
an extra rigid cannula is required to fix one of the
halves of the stylet.

As a result, cables, heated nitinol or the push
and pull principle can be all working in the new
design. Since all three principles needed some ex-
tra space around the stylet, it must become clear
during the concept generation which principle suits
the best to keep the diameter of the stylet as small
as possible.

Material

More and more steerable instruments are avail-
able onto the market for interventional radiology
[79, 70, 80] where a lot of this instruments use a
compliant mechanism with the super elastic nitinol
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as material. As discussed in section Joint Mech-
anism, the compliant joint is the best solution. A
compliant mechanism uses the deformation of the
material as steering mechanism. Nitinol is super
elastic and has the ability to withstand and recover
large deformation stresses which makes it the best
choice for the joint mechanism.

2.2.2

Important medical requirements for the new de-
sign of the steerable stylet are the desired RoM
and visibility. In order to reduce the intrahepatic
step, it has been decided that the stylet must have
the RoM so it is able to enter the PV even if the
stiffening cannula is pressed against the side of the
RHV by making steering movements. Besides this,
the stylet must be good visible with ultrasound and
CT scans. The requirements must meet at least the
visibility abilities of the original stylet.

Medical Requirements

Range of Motion

It is hard to determine the desired RoM from lit-
erature. As described in chapter 2.2.1 a one plane
(planar) steering movement facilitates the proce-
dure. Some dimensions and angles are measured
from the test model for the TIPS procedure of
Cook Medical(©. By reproducing this test model
in a 3D computer aided design (CAD) model, the
angles and distances between the veins inside the
test model could be measured. Figure 2.15 repre-
sents a top view of the reproduction of the liver
where the RHV, RPV and stiffening cannula are
visible. The stiffening cannula is orientated from
the RHV to the PV. Figure 2.16 shows a section
view where the section is made in the plane paral-
lel to the stiffening cannula. This plane is difficult
to define since every liver looks slightly different,
and the cannula will be pressed a bit into the liver
tissue when it is orientated in the direction of the
PV. Figure 2.17 is zoomed in on the angles that are
found from the section view. These values gives an
indication for the required steering angle to enter
the PV after the stylet comes out the stiffening can-
nula, even from the side of the RHV. As a result,
a minimum angle of 10 degrees (¢) is found and
a maximum angle of 35 degrees (). The IR tries
to position the stiffening cannula so the stylet can
enter the portal vein without any steering move-
ments. The RoM for the new steerable stylet is
set to cover the entire diameter of the RPV. The
proposed RoM is 0 - ¢ = 25 degrees. If the stiff-
ing cannula is orientated correctly, the stylet can
be pushed though the tissue without any steering
movements. If the stiffening cannula is orientated
to the side of the RHV, like in Figure 2.17, 25 de-
grees RoM should be still enough to enter the PV.
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Stiffening Cannula

Figure 2.15: A top view of the reproduced liver model
of Cook Medical (©). In blue the RHV, in pink the PV.

Section A-A

Belly

Figure 2.16: A section view of the liver model in the
plane parallel to the cannula. Angles are derived for
the stylet in order to enter the RPV.

Figure 2.17: The angles and distances between the
stiffening cannula and the RPV.

Visibility Requirements
For reducing the effort, and increasing the hit rate
during the TIPS procedure, visibility of the instru-
ments are important to take into account. Before
the intrahepatic puncture is performed, the stiff-
ening cannula and stylet are located in the RHV
where the tip is orientated in the direction of the
PV. The IR checks the orientation guided by ul-
trasound. During the intrahepatic puncture step

the IR follows the tip with ultrasound and makes
the veins visible with fluoroscopy and CT scans.

The visibility of the tip and the shaft for both
stylet and stiffening cannula with ultrasound are
important. As a conclusion in the article of Van
de Berg et al. [57], shafts with kerfed-patterns, a
18G trocar needle tip and a 22G chiba needle tip
(with flat surfaces) had the best outcomes. For
the steerable stylet a compliant or a sliding hinged
joint mechanism will be used. Both mechanism
contains some cut-outs, or exists of multiple com-
ponents, the shaft visibility of these mechanisms
will be better than the original stylet since kerfed-
patterns are included. Besides this, tip shapes
with flat surfaces scores the best for the visibility
in the article. Therefore, flat surfaces in the tip
are desired. Visibility tests will be done with the
prototype as described in the article to conclude
visibility characteristics of the steerable stylet.

2.2.3

All positive outcomes from this chapter are listed
in Table 2.4. Some parts or characteristics for the
design are already fixed since one positive option
was left. The steerable stylet is able to reduce the
complexity of the procedure if it is able to steer
in one plane wherefore a planar movement with 1
DOF is necessary. Because these steering mecha-
nisms need fewer parts, it is also better resistant
against any damage, it is cheaper to produce and
easier to replace parts if necessary. As steering
technique, active on-demand is chosen because the
stylet first has to pass through a pre-bent cannula.
With the pre-bent active technique this will not be
possible. Using the passive steering technique it is
possible to go through the cannula but it will be
difficult to estimate how the stylet will react due
to the inhomogeneous stiff liver tissue in the dis-
eased liver. The material of the steerable stylet
will be the super elastic material nitinol. The ma-
terial in the steering mechanism is able to bend
without any fatigue in the material. For the joint
mechanism, the actuator and transmission more
options are found as good results. For these op-
tions a choice will be made during the creation of
the concept.

Conclusion

Table 2.4: Properties and characteristics for a suitable steerable stylet for the TIPS procedure

Joint Type Movement Technique DoF RoM Actuator Transmission Material
Compliant Planar Active 1 25° Lever Cables Nitinol
Sliding Hinged on-demand Joystick Heated Nitinol
Wheel Rod (Push/Pull)
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3  Concept and Prototyping

This chapter discusses the concept and prototype
of the steerable stylet for the TIPS procedure,
build up from the outcomes from Table 2.4.

3.1

Based on Chapter 2.2.3, as well as the ablation nee-
dle previously developed by Nick J. van de Berg
[78], four stylet concepts were derived, as shown in
Figure 3.1. These concepts translates the design of
the ablation needle to the application of TIPS pro-
cedures, taking into account the increased length

Concept Generation

of the shaft. The four concepts vary in terms of the
joint mechanism and transmission, whereas other
components, including the actuator and transmis-
sion translator, have been purposely kept close to
the starting point, the ablation needle. In order
to create the best final concept, the concept gen-
eration is split up in sections for the joint mecha-
nism (distal end), the transmission and the handle
(proximal end). All components will be briefly dis-
cussed to make the steerable stylet feasible.
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Figure 3.1: Four different drawings of concepts for the steerable stylet. All four are planar mechanisms actuated
by a lever. As transmission the cables, heated nitinol and push and pull principles are drawn. For the joint
mechanisms there are three compliant systems and one with the sliding hinged principle.
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3.1.1

The two suitable joint mechanisms for the final de-
sign are the compliant and the sliding hinged joint
mechanisms as concluded from Chapter 2.2.1. The
stylet can have a maximum diameter of 0.9652 mm
to fit within the 5Fr Catheter used in the TIPS
procedure. To achieve this, it is desirable that the
steering mechanism is well scalable and consist of
as few components as possible. The sliding hinged
joint consists of two halves that are connected to
each other by a pin. If it must fit within the same
diameter, these parts become very small and frag-
ile. The pin for example, should be no longer than
0.9 mm. The goal is to design a robust steerable
stylet that is rigid enough to puncture through tis-
sue without a chance that something breaks. A
compliant mechanism can be extracted from one
piece of material, less components are needed, it
is less fragile and better scalable. The steerable
ablation needle also contains a compliant steering
mechanism, a schematic overview of the mecha-
nism is represented in Figure 3.2. Since this com-
pliant steering mechanism works well in the abla-
tion needle, and stays within the maximum diam-
eter, there is chosen to reproduce the same steer-
ing mechanism in the steerable TIPS stylet. The
rotation is created around the round holes in the
mechanism. The choice for 5 holes is reproduced
from the ablation needle. Another option was to
choose for only a slit in the material, the rotational
movement will also work then but only more force
would be required and the material in the slit will
have more pull and push tensions, resulting in the
risk of breakage in the material. Because of the
round holes, less force is needed and the material
has more surface that can absorb the tensile and
pushing stresses, wherefore the stresses will be bet-
ter distributed.

Joint Mechanism

Rigid Cannula Top Half

Bottom Half

Figure 3.2: A schematic overview of the compliant
joint mechanism for the steerable stylet. The red lines
represents the material surface which handle the push
and pull stresses during rotation.

3.1.2 Transmission

The rotational movement, created by the actuator
in the handle, is transformed to a translation in
the handle. This translation will eventually actu-
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ate the joint mechanism, where the translation is
transformed in a rotation again. The three suit-
able transmission principles are thermal energy
(heated nitinol), cables and rods. The working
principles of these transmission are already dis-
cussed in Chapter 2.1.5.

An example for a transmission with thermal en-
ergy would be nitinol wires which will heated by
an energy source. This principle could work if the
actuator can activate an electric pulse. This elec-
tric pulse can heat the nitinol wires wherefore they
are able to make a steering movement due to the
shape memory characteristics. Such transmission
will be an electrical system which can be powered
by a battery or AC power. A disadvantage of the
battery is the limited lifetime and extra check be-
fore the procedure can be performed. Even when
the battery is made replaceable, the battery can
run out during a procedure. Power supply via
AC power ensures that a wire is attached to the
stylet. Extra wires in an operation room are not
desirable since the IR can stay behind, or are in
the way when the IR tries to move the actuator
to steer. To make the design simple, robust with
as few components as possible which can be easily
replaced a mechanical transmission is desired.

Mechanical Transmissions

A mechanical solution for the transmission can
be done with cables or by one or multiple rods.
Since a planar movement is desired to both sides,
a transmission with cables contains at least two
cables. These are necessary on both sides of the
steering mechanism since a cable can only provide
a push translation. The cables can be placed inside
or outside the stylet. By making the cables inside
the stylet, the stylet must be made hollow, which
is hard for this long shaft and small diameter. Be-
sides this, a hollow stylet will affect the stiffness
and the cables must be very thin to fit into the
hollow stylet.

A second option with cables is to place them on
the outside of the stylet. A prerequisite is that
the cables must be protected otherwise they can
bring damage to the surrounding tissue during the
procedure. This protection can be done by the
stiffening cannula, as designed in the sketch of the
hinge joint mechanism with cables in Figure 3.1,
or by another tube or sleeve. In the tip the cables
must be a attached to the joint mechanism. For a
design with the cables on the outside the rotation
point must still fall within the stiffening cannula,
otherwise still damage to surrounding tissue will
be caused by the cables during the intrahepatic
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puncture. If the rotation point still falls within
the stiffening cannula there arise some limitations
for the RoM of the joint mechanism.

Another mechanical option is a transmission with
a rod, translations can be created by pushing or
pulling the rod. This principle is also used in the
steerable ablation needle where it contains almost
the same diameter as the original stylet used in the
TIPS procedure. Another advantage of this trans-
mission is that a compliant joint mechanisms is
combined within the transmission, wherefore even
less components have to be used. In the front of
the stylet two halves comes together where a top
half and a bottom half can translate along each
other. One of the two halves is fixed to the rigid
cannula around, the other half will make a pull
or push translation in order to get the steering
movement. Figure 3.2 shows the joint mechanism
within the top and bottom half of the transmission.

The rod transmission mechanism gets the prefer-
ence since it is able to work within a small diameter
wherefore the problem to keep the same small di-
ameter is solved. A disadvantage of this principle
is that an outer rigid cannula is necessary to let
the steering mechanism work. Now, a 5Fr catheter
is around the original stylet (item 2, Figure 1.9)
during the TIPS procedure. The rigid cannula in
the design of the ablation needle stays within this
5Fr diameter. With some adjustments in the setup
it must be able to replace the 5Fr catheter with
the rigid cannula. With these opportunities and
the fact that this principle contains less parts, the
rod transmission is the best solution for the final
design.

Translation Transmitter

Figure 3.3 shows the tip of the steerable ablation
needle with the rigid cannula around. The rota-
tion point, directly after the cannula (red dot) and
the fixation are indicated. Figure 3.4 represents
only the stylet (without rigid cannula) where the
working principle is depicted if a push (red) or pull
(blue) force is exerted, while one side is fixed.

Fixation 11.5 mm
Cannula - Stylet |« >
Cannula Stylet

Figure 3.3: Final concept of the transmission where
the joint mechanism and transmission are combined.

Figure 3.4: Working principle of the push/pull trans-
mission where one side is fixed. The red lines indicates
a push translation. The blue lines a pull translation.

The aim of the transmitter is to transmit a transla-
tion from the handle to the joint mechanism which
will eventually create the steering angle. This sec-
tion contains equations to define the translation
in millimeters to achieve the proposed 25° steering
angle in the tip.

The distance between the rotation point till the
tip is 11.5 mm, copied from the ablation needle.
To find the required translation first the radius of
the middle line (ry,) must be calculated. This will
be done on the basis of the length of the middle
line (l,,), which is 11.5 mm. Since the diameter of
the stylet is known, also the inner (r;) and outer
(ro) radius can be calculated. Now, the length of
the inner (1;) and outer (l,) line can be calculated
for only the part of the circumference for 25 de-
grees. The translation can then be defined by the
difference in length between the outer and inner
line. In Figure 3.5 a sketch of the stylet is shown
as clarification in a 25° steered configuration. The
middle, inner and outer lines are denoted. The
translation is calculated by the difference in length
of the blue (r,) and red line (r;).

Figure 3.5: This sketch represents the steering angle
of 25 degrees of the stylet. The needed radius of the
inner circle (rj) in red, the middle circle (ry,) in black
and the outer line (r,) in blue are denoted.

Circumference circle:

cC=2-7-ry (3.1)

Length of the middle line 1, (25° of the circumfer-
ence for the middle circle):

2.1y,

Iy = = 3.2
360/25 (32)
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The length of 1, = 11.5 mm as known from the
design so the radius r,, can be calculated.

2-T-1ry,
115 = ——— .
g 14.4 (3.3)
11.5*%14.4
m = - 3-4
r 5 - (3.4)
Tm = 26.356mm (3.5)

The stylet has a diameter of 0.9652 mm, a radius of
0.4826 mm. With the radius of the inner and outer
circle, the inner (1;) and outer (1) line length of the
25° part of the circumference can be calculated.

r; = 26.356 — 0.4826 = 25.8734mm (3.6)
ro = 26.356 + 0.4826 = 26.8386mm (3.7)
2-m-1;

l; = YV (3.8)

l; = 11.289mm (3.9)
2-m-1,

lo, = YV (3.10)

l, =11.710mm (3.11)

This will result in a push or a pull translation of:

T=1,—1; =0421mm (3.12)
As a result, the translation of the transmitter must
be 0.421 mm to make the proposed 25° steering
angle in the tip. If the non-fixed side of the tip is
pushed 0.421 mm, the tip will steer 25° upwards
(red), as shown in Figure 3.4. By pulling it 0.421
mm it makes a rotation downwards (blue).

The mechanism to create a translation from a
rotation is also reproduced from the ablation nee-
dle with some small adjustments. The rotational
movement created in the actuator will be converted
to a translation by using a wheel with an asym-
metric circular slot (the spiral). A pin connects
the transmitter to the circular groove. Figure
3.6 shows the mechanism where the asymmetric
groove is in his zero degree angle state. The ar-
rows represents the possibilities for the rotation
movement given by the actuator. The distance
from the middle point to the asymmetric groove
is given by the red and blue line. The difference
between those lines is two times the translation
for the pull or for the push movement. Since this
movement is 0.421 mm, the difference between the
blue and red line is 2 * 0.421 mm = 0.842 mm.
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Transmitter

Figure 3.6: The asymmetric groove at the unsteered
configuration. Since the distance between the red and
blue line are different, a pull or push translation can
be created in the transmitter from a rotation.

Figure 3.7a represents the working principle if the
lever is turned up in his maximum configuration.
The circular groove will pull on the transmitter.
How the joint mechanism in the tip will reacts de-
pends on which half is fixed in the tip. If the upper
half is fixed, the tip of the stylet will steer down-
wards. If the lower part of the tip is fixed, the
tip will steer upwards. Figure 3.7b represents the
opposite way when the actuator makes a rotation
downwards, a push translation will be created in
the transmitter. If the stylet and rigid cannula
can be fixed in different orientations relative to the
transmitter it gives the opportunity to choose the
preferred way to steer the stylet. A push trans-
lation by turning up the lever can be result in a
steering direction upwards, downwards or even to
the left or right side. How the steering mechanism
will react depends on the orientation of the fixa-
tion.

Transmitter

(a)

Transmitter

—u

(b)
Figure 3.7: The situation of the asymmetric groove
when the actuator is rotated upwards in (a) and down-
wards in (b).
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3.1.3

It is important that the actuation in the handle
is easy to operate by the IR, where a controllable
natural movement is desired. The steerable TIPS
stylet will contain a planar steerable mechanism
which is enough to fulfill the requirements. From
the three options for the actuator which are given
in Chapter 2.2.1, the lever gets the preference.
This choice is mainly based on the design of the
ablation needle where also a lever is used. It is easy
to put force on the actuator and the lever will eas-
ily stay in the position in which it is turned. This
gives as advantage that the steering angle can be
adjusted in little steps or completely to its max-
imum steering angles. The joystick will be more
fragile and the actuator will easily turn back to its
zero state point if there is no pressure exerted. If
the joystick is made on top of the handle like Fig-
ure 2.11b, an extra step is needed to create a rota-
tional movement in the translation transmission.
If the joystick is made at the end of the handle
like the lever the transmission will be work more
easily, but it would be hard for the IR to make
controllable movements. Using the wheel as actu-
ator, more force from the hand must be exerted on
the wheel then the other options. Besides this, it
would be hard to let the steering angle constant if
the wheel is rotated in a specific position. This can
be solved with a button which will fix the wheel or
by adding more friction in the actuator. A stop
button will require more components in the mech-
anisms, by adding more friction also more force
from the hand is needed to steer the stylet.

Actuator

3.1.4 Handle

In the handle the translation transmitter and ac-
tuator comes together. The lever, as shown in the
sketches, will already make a rotational steering
movement. This steering movement will corre-
sponds to the steering movement of the tip. To
achieve this, the lever must be connected to the
spiral, which is able to convert the rotational move-
ment to a translation because of the asymmetric
spiral. Since the lever is able to stand in any
position, it becomes harder to find the unsteered
configuration. To make this easier, a ball spring
plunger is included in the design. A spring plunger
consist of a bolt with a spring and ball inside,
where the ball protrudes for a small part which is
able to be pressed inside. The bolt is tightened
in the handle. When the lever is at its unsteered
configuration the protruding ball will fit exactly in
a hole in the lever.

A top view of the final concept of the handle
with transmission is shown in Figure 3.8. In this
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figure the inside of the handle is visible since the
cover is removed. All visible components are de-
noted. Figure 3.9 shows a section view of line A-A.
From this section view the working principle of the
transmission with the asymmetric spiral and the
ball spring plunger is better visible.

Bottom Part

Spiral

Transmitter Ball Spring Plunger

Figure 3.8: The final concept of the handle with all
sub parts denoted.

Section A-A

Lever
Spiral

Transmitter

Bottom Part Ball Spring Plunger

Figure 3.9: Section view of the final concept of the
handle.

3.1.5

Before the final design can be completed, there are
still a few things that need to be taken into ac-
count during the design process. In order to make
the procedure look like the procedure as it is per-
formed now, some components have been adapted.

Additional Requirements

Luer Lock

Nowadays, the stylet is connected to the 5Fr
catheter with a luer lock. This combination is
pushed through the stiffening cannula and con-
nected again with a luer lock (items 1, 2 and 3
in Figure 1.9). In order to keep these procedure
steps the same during the procedure, a luer lock
has been made in the front of the handle which
can connect the stylet to the stiffening cannula.
The integrated luer lock in the front is shown in
Figure 3.10.
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Er Lock

Figure 3.10: The luer lock integrated in the handle
to connect the stylet with the stiffening cannula.

Removable

Because the rigid cannula is around the stylet, the
5Fr catheter can no longer be used. The rigid
cannula must take care of the function of that
catheter. Normally, after the intrahepatic punc-
ture the stylet is removed from the stiffening can-
nula where the 5Fr catheter remains in the body.
A syringe is coupled to this 5Fr catheter by means
of a luer lock. A challenge for the new design
was to get the stylet out of the body after which
the rigid cannula remains with a luer lock connec-
tion. This problem has been solved by designing
the steerable stylet in two parts as shown in Fig-
ure 3.11a and Figure 3.11b. One part can slide
over the other, by eventually turning the parts a
quarter turn apart, the systems click together and
is able to steer. Both parts are coupled and locked
by closing the threaded lock. Appendix C explains
in more detail how the stylet can be removed from
the rigid cannula during the procedure.

Lever

Stylet

(a)

Threaded Lock

Rigid Cannula Luer Lock

/

(b)

Figure 3.11: A schematic overview of the both parts.
In (a) the part which includes the handle, translation
mechanism, lever and stylet. In (b) the second part
which can slide over the stylet and can be connected to
the first part by turning the parts a quarter turn apart.
The parts are connected by tightening the threaded
lock.

3.1.6

The final concept for the steerable stylet is repre-
sented by Figure 3.12. In Figure 3.12a the concept
of the handle is shown with the lever as actuator
and the threaded lock (in red) to fix both parts
to each other. Figure 3.12b shows the tip of the
stylet with the rigid cannula around. A key is at-
tached in this cannula which ensures the fixation
in the stylet so that push and pull translations can
be performed by the lever. By turning the stylet
relative to the rigid cannula a quarter apart the
steering mechanism is deactivated and the parts
can be disassembled.

Final Concept

(a) The final concept of the handle, with a lever as
actuator.

(b) The final concept of the tip, with a compliant joint
mechanism.

Figure 3.12: An overview of the final concept of the handle and the tip of the new steerable TIPS stylet.
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3.2 Prototyping

A prototype is built from the final concept. Con-
struction drawings and CAD models are made for
all sub parts in the design. This chapter describe
some manufacturing methods and photos from the
prototype.

3.2.1

Most parts for the prototype are manufactured
with a 3D printer. For those parts CAD models
are made which could be read by the print soft-
ware. The outside of the handle parts and the
threaded lock are printed in metal. The lever,
griptop and wheel are printed in plastic. In ad-
dition to 3D printing, conventional turning and
milling has been used to create the transmission
parts and to finish the 3D printed parts. To get
the slot with the round holes in the front part of
the stylet, wire EDM is used. The rigid cannula
around the stylet is a hollow nitinol tube that
could be purchased with the right diameter. The
key attached to the rigid cannula, through which
the stylet can be locked, is also made of nitinol
and is fastened by laser welding.

Manufacturing

(a) A close up of the handle of the steerable
TIPS stylet.

(c) By loosening the threaded lock and turning
the handle a quarter against the front part, the
two parts can be disconnected.

The luer lock in the front wheel of the stylet,
to connect to the stiffening cannula, was removed
from an old needle and glued back in this proto-
type. The luer lock inside the handle to connect
the syringe is directly 3D printed in the griptop
and afterwards processed with a file so the connec-
tion fits well.

A manual how to build the TIPS stylet is described
in Appendix B.

3.2.2 Prototype

The prototype is represented in Figure 3.13 by 4
different photos. In (a) a close up from the handle,
where the red parts are 3D printed in plastic. The
silver parts are printed in RVS and finished with
turning and milling. In (b) a close up from the tip
where the stylet sticks out a little bit from the rigid
cannula. In (c) the stylet is disconnected from the
rigid cannula by loosening the threaded lock and
turning the handle a quarter turn in relation to the
stylet. In photo (d) the stylet is totally removed
from the rigid cannula.

(b) A close up of the tip of the TIPS stylet with
the rigid cannula around.

b

F

L

(d) The front part of the handle is disconnected.
The tip of the stylet is not able to steer since the
steering mechanism does not have the fixation
of the rigid cannula.

Figure 3.13: Photos of the prototype of the new designed steerable TIPS Stylet.
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4 Evaluation

To check whether the steerable stylet will reduce
the complexity of the TIPS procedure the stylet
is subjected to experiments where mechanical and
medical characteristics will be evaluated. During
the experiments the steerable stylet was used in
combination with an adjusted stiffening cannula.
This cannula has a pre-bent angle of +18° instead
of the original angle of +-35° because the stylet with
rigid cannula was too stiff to make the angle. The
following mechanical experiments are done:

e Exp 1: Maximum Steering Angle;
e Exp 2: Joint Stiffness;
e Exp 3: Force Exerted by Tip.

Next to the mechanical experiments, a visibility
experiment is done, described in Chapter 4.2, and
procedure are done with the stylet in a reproduced
liver model, described in Chapter 4.3.

Maximum Steering Angle

This experiment is performed to conclude whether
the steerable stylet is able to steer the proposed 25°
in both directions. This amount of degrees is found
in Chapter 2.2.2 by looking into a reproduced CAD
liver model. With a 25° steering angle the stylet is
always able to reach the PV even when the stiff-
ening cannula is orientated a bit to the side of the
HV as shown in Figure 2.17.

Joint Stiffness

This experiment is executed to assess stiffness char-
acteristics of the joint mechanism. Experiments
will be done with and without the stiffening can-
nula, with both orientations of the fixation and

Figure 4.1: Schematic top view of both experimental setups for testing the steerable stylet.

Middle Part

will be compared with the results of the original
used stylet with and without stiffening cannula to
conclude if the steerable stylet is better resistant
against lateral forces during the intrahepatic punc-
ture. With a better resistance, deflection through
tissue will occur less quickly. Since the stiffening
cannula will hardly bent during a TTPS procedure,
the part of interest in the experiments with can-
nula, is the part of the stylet which sticks out of
the cannula.

Force Exerted by Tip

The third mechanical experiment measures the
maximum forces which the tip of the stylet can
deliver while making a steering movement (trans-
verse forces). The force is measured while the lever
is at is endpoint so the stylet will be in its max-
imum steering position. The experiments will be
performend with and without cannula to see the
influence of the stiffening cannula on the stength
of the transmission and joint mechanism.

4.1

All mechanical experiments are done on a single
experimental setup. The parts in the setup can be
easily replaced or switched, enabling different ex-
periments can be executed in succession. The ex-
perimental setup is discussed in more detail in Ap-
pendix E: Experimental Setup. Figure 4.1 shows a
topview of both setups. One to evaluate the stylet,
whereas the other setup is used to evaluate the
stylet in combination with the stiffening cannula
with the pre-bent angle in the tip. To get insight
of the influences of the stiffening cannula, all ex-
periments are performed on both setups.

Mechanical Characteristics

Front Part

One setup to

evaluate only the stylet, and another setup to evaluate the stylet in combination with the pre-bent stiffening

cannula.
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4.1.1 Methods
Maximum Steering Angle

Figure 4.2 shows the frontal end of the setup, in-
cluding the plate with a protractor engraved on it.
This front part can be attached on both experi-
mental setups and is aligned to zero degrees if the
stylet is in an unsteered configuration. During the
experiments the stylet is steered to the maximum
angles in both directions by rotating the lever to
its endpoints. The transmitter in the stylet is
pushed and pulled with a maximum translation of
0.421 mm. If the stylet is steered in its maximum
steering angle the protractor with stylet is pho-
tographed from above.

Both translations are executed randomly 5 times
(n=>5) in both experimental setups, in total 30
photos were taken. The experiments with only the
stylet (St) are executed with the fixation to the
left side (L). For the experiments with the 14G
stiffening cannula (St + Can), a distinction was
made for the orientation of the fixation with the
rigid cannula. Experiments are done with the fixa-
tion to the left side (L) and to right side (R) to see
if the orientation relative to the pre-bent stiffening
angle will affects the steering angle. A summary
for all experimental conditions are given in Table
4.1. Figure E.5c shows the experimental setup
with cannula from above with, Figure 4.4 helps
to explain the difference between the experimental
conditions.

Rigid Cannula Engraved Protractor

Clamp

Stylet

Figure 4.2: The front part of the steering angle ex-
periments to define the steering angle of the stylet. The
plate contains a protractor engraved on it and can be
attached to both experimental setups.

Table 4.1: The experimental conditions for the steer-
ing angle experiment.

_s| L R L
n= St St 4+ Can St + Can
Push | EC11 ECI2 ECI3
Pull | EC21 EC22 EC23
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Fixation with rigid
cannula around

End stiffening
cannula

End rigid
cannula

14G Stiffening Cannula

Figure 4.3: The experimental setup with the 14G
stiffening cannula.

Fixation
End rigid

cannula

EC22

(a)

Fixation
End rigid
cannula

EC13 EC23

(b)
Figure 4.4: A schematic overview of the experiments
with cannula with the fixation at the right (a) and left

(b).

The photos were subsequently analyzed by draw-
ing vector lines for the 0 degrees line, the 90 degree
line and the line through the rotation point and
the tip of the stylet in Adobe Hlustrator. The
angles between these vector lines were measured
afterwards in Solidworks.

Since not all photos were taking exactly from
above an angle error was introduced. The error
was found by measuring the angle between the 0
and 90 degrees lines (measured 90 degrees), where
after the measured 90 degrees angle was divided
by 90. On the basis of this error, it was possible
to calculate a better result for the real steering
angle between the 0 degrees line and the line from
rotation point to the tip by dividing the measured
angle by the error.
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Joint Stiffness

The joint stiffness experiments are done with the
help of a linear stage and a force sensor. Figure 4.5
shows the front part of the setup, attached to the
middle part, with the linear stage and force sensor
denoted. In all experiments there is chosen to do
the translation in the push direction since it was
too hard to clamp the tip of the stylet on to the
force sensor for doing experiments in the pull di-
rection. Controllable translations were made with
the linear stage, the tip of the stylet was pushed in
steps of 0.5 mm while measuring the force with a
Futek 21b (9N) sensor. In combination with a Lab-
Jack controller and the software LJStreamM from
Labjack the forces were obtained.

Rigid Cannula

Force Sensor

Linear Stage

Figure 4.5: The front part with linear stage and
force sensor to find the joint stiffness (displacement-
force characteristics) of the stylet.

Both experimental setups, with and without stiff-
ening cannula are used for the steerable stylet (SS)
and the original stylet (OS). Also in this experi-
ment a distinction was made for the measurements
with cannula (C). The push executions are done on
both sides of the stylet by rotating the stylet 180°,
therefore the fixation is at the left side (L) or at the
right side (R). In Appendix E the different setups
are shown in more detail. All experiments are done
with 5 repetitions (n=5) where the tip of the stylet
was pushed at least 3 mm away and force measure-
ments were done after each 0.5 mm. Data from the
different experimental conditions were obtained as
described in Table 4.2, and analyzed afterwards in
Microsoft Excel.

Table 4.2: Experimental conditions for the joint stiff-
ness experiment. Both original and steerable stylet are
tested with and without the stiffening cannula.

n=5| SS SSC 0S 0SC
L | ECIl ECI3
R | EC21 EC22
- EC33 EC34

Force Exerted by Tip

In this experiment forces exerted by the tip of the
steerable stylet are measured while the tip was
pushed against the Futek 2lb (9N) force sensor.
With a LabJack controller and the LJStreamM
software from LabJack, continuous measurements
of the force sensor were done with a scan rate of
1000 Hertz. The steerable stylet was maximally
steered by rotating the lever to its endpoint. The
maximum force which was reached during such ex-
ecution was taking out as value for each test. Fig-
ure 4.6 shows the front part of the experimental
setup without stiffening cannula where the differ-
ent components are denoted. The force sensor con-
tains M3 bolts on each side. One is used to fix the
sensor to the frontal plate, and the other is used for
the alignment with the tip of the stylet. For each
experimental condition, the bolt was adjusted to
align the bolt until it made contact with the stylet
when the stylet was at its unsteered configuration.

Rigid Cannula Stylet

Force Sensor

Figure 4.6: The front part to measure the force ex-
erted by the tip.

In total, four different conditions were tested, with
5 repetitions. A summarize of the experimental
conditions is given in Table 4.3. The numbers
of the experimental conditions corresponds to the
numbers used in experiment 1 and 2. The mea-
sured forces were afterwards analyzed in Microsoft
Excel.

Table 4.3: Experiments to define the forces exerted
by the tip of the stylet.

n=5| SS SSC
R | ECIl ECI2
L EC21 EC23
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4.1.2 Results

Maximum Steering Angle

The results for each experimental condition were
put together in a data set in Microsoft Excel, all
separate data from the measurements can be found
in Appendix F. Figure 4.7 represents the results of
the experiment in bar charts. The used colors for
the results corresponds to the colors used in Figure
4.4. Clear differences can be seen in both trans-
mission options, pulled or pushed. In EC11 (only
stylet with push transmission) measurements, all
results scores lower then average. A big difference
can be seen compared to the results of EC21 (only
stylet with pull transmission), which reach the
biggest steering angles in average. The difference
between the average in these both options is 63%.

The big difference between the steering angles for a
push and pull transmission decreases in the exper-
iments in which the stiffening cannula was used.
The average values of EC12 and EC22 (stylet +
cannula, fixation right) have a difference of 14.8%,
where the push transmission (EC12) is able to
bend further. In the measurements with the fixa-
tion to the left side, EC13 and EC23, the average
angle during the pull transmission (EC23) is able
to steer 13.8% further.

Joint Stiffness

All measured data obtained in this experiment
are shown in Appendix F: Joint Stiffness. From
the average data per experimental condition a line
graph is made which is shown in Figure 4.8. An
expected linear development can be seen in each
condition. The values without cannula (EC11 and
EC21) and the values with cannula (EC12 and
EC22) are close together, the orientation of the
fixation does not influence the characteristics.

The stiffening cannula does influence the joint
stiffness. Less force was needed to push the tip
3 mm away for the steerable stylet with cannula
(EC13 and EC22) then for the steerable stylet
without cannula (EC11 and EC21).

From the results it also becomes clear that the
steerable stylet is a lot stiffer than the original
stylet according to the needed forces to push the
stylet away. Again, the stiffness decreases slightly
for the original stylet when it is tested in combina-
tion with the stiffening cannula (EC34) relative to
the results obtained for the original stylet without
cannula (EC33).
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Force Exerted By Tip

The maximum forces are collected for each experi-
mental condition in Microsoft Excel and plotted in
box plots as shown in Figure 4.9. From the figure,
EC21 can deliver by far the most force on the force
sensor. The lowest measurement in this conditions
is still higher then the forces delivered during the
other experimental conditions. The medians of the
other three condition are close to each other, only
a lot of deviation is visible by EC23. All separated
measurements of this experiment can be found in
Appendix F.

4.1.3

During the maximum steering angle and force
exerted by the tip experiments, it sometimes hap-
pened that the stylet was not returned fully back
to zero degrees when the lever was at its unsteered
configuration after an execution. This problem
can be caused by hysteresis in the material, fric-
tion or inaccurate manufacturing. The stylet is
made of nitinol, a shape memory alloy, if the stylet
is steered to its maximum angle, there will be
some stresses in the joint mechanism. Since these
stresses are small the material must be able to bend
back to its unsteered configuration. If the stylet
returns not directly back it can bend back with
some delay due to the hysteresis. Since the stylet
did not bend back at all, hysteresis seems unlikely.
Another possibility for this problem is friction in
the transmission. If the lever goes to the unsteered
configuration with friction between the translator
and the asymmetric spiral, it can happen that the
translator is not rotated back to its unsteered con-
figuration, wherefore the tip of the stylet still is in
an angle. Next to the friction, it is also possible
that there is a slight clearance between the lever
and the transmission, or between the transmission
and the fixation at the tip. By returning to the
unsteered configuration after a maximum push or
pull movement, a slight clearance can cause the
stylet to translate the transmission little less far
by turning it to zero degrees. To avoid this prob-
lem, a check took place after each execution to see
if the stylet was at zero degrees. If not, the stylet
was steered first to the other side and back. If
that still did not work, the stylet was bend back
by hand above the zero degree line on the protrac-
tor or against the force sensor.

Discussion

For all experiments it was important to clamp
the steerable stylet accurate in the setup so the
steering plane was perfectly aligned. Otherwise
this could result in small errors. If the stylet does
not steer parallel to the protractor in experiment
1, and the photo is taken from above, other values
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Figure 4.7: The results of the Maximum Steering Angle experiment. All results are shown in bar charts for
each experimental condition.
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Figure 4.8: The results for the Joint Stiffness experiment. A line is drawn between the measurements after each
0.5 mm. From the lines a linear development is visible for each experimental condition.
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Figure 4.9: The results from the Force Exerted by Tip experiments, depicted in box plots.
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are found for the steering angle. In experiment 2
bigger errors will be obtained if the push direction
of the linear stage is not parallel to the steering
plane, the linear stage will try to push the stylet
in a plane where it is not able to steer. As a result,
higher forces for the displacement are needed. In
experiment 3 the best result will be achieved when
the steering plan is perpendicular to the force sen-
sor. If not, the stylet will not steer exactly towards
the force sensor wherefore the measured forces will
be lower. The handle of the stylet can be clamped
in two ways, the lever will be aligned correctly
relative to the experimental setup. However, the
stylet and cannula can be loosened and turned
with respect to the lever, still some steering plane
errors could be occur. Before the experiments were
executed the stylet was steered to both directions
to see by eye if the steering plane was correctly
aligned relative to the protractor, the linear stage
and the force sensor.

For accurate measurements during experiment 2
and 3, it was important to define the start posi-
tion of the stylet before measurements were done.
This start position was defined with a first non-
measured execution where the stylet was straight
and made contact with the force sensor. In experi-
ment 2 the linear stage was translated towards the
tip of the stylet until there was contact. In exper-
iment 3, the M3 bolt was adjusted until contact
between the bolt and stylet was achieved. After
each execution for the same experimental condi-
tions, a small check was done to see if the stylet
made contact again with the force sensor at its
starting point. If not, the stylet was steered to the
opposite direction and back, or bend back by hand.

During the executions in experiment 3 the tip
was sometimes shifted up or down during the ex-
ecution. The measurement can be made more
accurate by replacing the bolt with another com-
ponent where the tip of the stylet fits exactly in.
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4.1.4 Conclusion

From experiment 1 in becomes clear that the stylet
is able to steer in both directions. The mechan-
ical transmission is a good solution to create a
steer movement in the tip, even with the very long
distance (+60cm) between the proximal end (ac-
tuator) and the distal end (joint mechanism). The
stylet is not able to bend the proposed degrees as
described in Chapter 2.2.2. From all the measure-
ments the maximum value what is measured was
7.71° instead of the proposed 25°. Small differences
are found for the different orientations of the fix-
ation in combination with the stiffening cannula,
where it is most striking that the push transmis-
sion can steer further with the fixation to the right
(EC12) and the pull transmission further with the
fixation to the left (EC23). In both orientations
the stylet steer further in the same direction of the
curve of the pre-bent stiffening cannula.

According to experiment 2 the steerable stylet
is much stiffer than the original one wherefore it is
better resistant against lateral forces. As a result,
the steerable stylet should deflect less quickly if it
is punctured through the liver tissue during the
TIPS procedure. Since deflection is now a prob-
lem during the intrahepatic puncture step, this
outcome is positive in order to reduce the com-
plexity of the intrahepatic puncture step.

The steering mechanism is also capable of deliv-
ering power during steering. In experiment 3 the
transmission mechanism in the shaft was strong
enough to transmits the push and pull movements
of the translator to the tip where it was able to
steer against the force sensor. To conclude if the
forces are high enough to be able to steer while the
tip is already in tissue, test procedures with a real
liver or a representative liver model must be done.
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4.2 Visibility in Ultrasound

A fourth experiment is done to check the visibil-
ity with ultrasound of the steerable stylet, where
the stylet is punctured into a PVA sample. Van
de Berg et al. [81] studied visibility and echogenic-
ity characteristics of different stylets. Visibility is
the ability to be seen, echogenicity is the ability to
generate (sound) reflections [81]. For the steer-
able stylet, visibility experiments were done on
the same setup. A more detailed system descrip-
tion, used materials and how the setup is made,
can be found in the article of Van de Berg et
al. [81]. The used associated files like the Ar-
duino C and Matlab code, and the CAD models
for the 3D printed and laser cut parts can be found
on GitHub (https://github.com/misitlab/needles-
in-ultrasound).

4.2.1 Methods

The setup exists of a rotary platform, a PVA sam-
ple, a clamp for the stylets, a fixed ultrasound
probe and a monitor. The PVA sample is made
with a radius and height of 100 mm, the image of
the probe is visible on the monitor and recorded,
the rotary platform is driven by a stepper motor
connected to an Arduino. During the experiments
the stylet is punctured into the PVA sample till
a depth of 100 mm, and is clamped. Next, the
stylet with sample will be rotated while contacting
the ultrasound probe for 310 °from +25° till +335°.
Figure 4.10 shows a schematic topview of the setup
with some components denoted.

Rotary Platform

Line of Sight

PVA Sample Ultrasound Probe

Ultrasound Clamp
Linear Stage

B

Rotation Area

Stylet Clamp

Figure 4.10: A schematic topview of the visibility
setup. The stylet, punctured in the PVA sample, is
rotated around the ultrasound probe. The image of
the ultrasound probe is shown on the monitor and
recorded.

This experiment is performed with 3 different
stylets. A 18G trocar needle, a steerable ab-
lation needle with rigid cannula, and the steer-
able ablation needle with rigid cannula and a 6F
Flexor Ansel Guiding sheath made by Cook Med-
ical (©)[82]. The steerable ablation needle contains
the same tip and steering mechanism as the steer-
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able stylet for the TIPS procedure. Since the shaft
of this ablation needle is way shorter (£15c¢m), it
is easier to clamp the needle for this experiment.
The shaft of the steerable TIPS stylet is too long
to do accurate measurements. During the rotation
of the table, many vibrations and deflections will
occur in the long rigid cannula and stylet with the
chance of damage and influences on the measure-
ments.

The 18G trocar needle is included in this exper-
iment to compare the obtained results with the
results from the article to determine whether the
setup is properly reconstructed. The experiment
with the extra sheath is done for N.J. van de Berg
to see how the visibility of the shaft is influenced
by the sheath. Figure 4.11 shows a picture of the
setup were the 18G trocar needle is located at its
starting position, punctured in the PVA sample.

Probe

\ Stylet

PVA

Figure 4.11: A picture during the visibility experi-
ments. Here, the 18G trocar needle is at its starting
position of the rotation area.

Each needle is punctured 10 times on different
heights in the PVA sample. The PVA sample is
rotated while contacting the probe and the image
of the probe is recorded. Afterwards, all recorded
videos are analyzed in Matlab for 25° to 180° rota-
tion area. The other side from 180° till 335° is as-
sumed as symmetric. Figure 4.12 shows a segmen-
tation step which must be done manually after a
video was loaded. This segmentation step was done
at one-fifth and four-fifth of the video duration, it
enables Matlab to synchronize the video with the
angular motion of the needle. Afterwards, Mat-
lab is able to calculate the contrast to noise ratio
(CNR), it measures the contrast ratio between the
tip (white stripes in Figure 4.12) and the darker
area just above the tip for the whole rotation area.
For the shaft visibility this analyzing procedure is
the same. Besides the visible stylets at one-fifth
and four-fifth of the rotation duration, also the re-
gion of interest (ROI) and center of rotation (CoR)
are denoted. The ROI is given by a filtering algo-
rithm developed by N.J. van de Berg. The average
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point of the tip during the rotation is mentioned
as the CoR. The article of Van de Berg et al. [81]
can be consulted for a detailed explanation.

Figure 4.12: The manual segmentation step analyz-
ing the videos in Matlab. The manual input is given
by Snl/5 and Sn4/5, the endpoints of the line over the
stylet are set by hand. The CoR is the average point
where the tip is rotation around. The ROI is given by
a filtering algorithm. Reprinted from Van de Berg et
al.[81].

As a result, Matlab plots the visibility of the tip
and the shaft. These plots are made with the con-
trast to noise ratio (CNR) as radial coordinates
against the insertion angle (0) as angular coor-
dinates. The median from the measurements are
shown as a darker line in the plots. The colored
areas around the median represents the median +
the standard deviation contours.

4.2.2 Results

Figure 4.13 shows the visibility results from 18G
trocar needle from the article (Original) and from
this experiment. Both results, for the tip and the
shaft, looks similar. The peaks in the plots are
almost at the same angles where the 18G trocar
needle is the best visible around 90°.

In Figure 4.14 the visibility results for the niti-
nol tip and shaft are shown for the steerable stylet
with rigid cannula (Ni-1.65mm) and the steerable
stylet with cannula and sheath (NiS-2.7mm). The
nitinol trocar tip is the best visible around 90° and
the sheath around the stylet gives a positive effect
for the visibility of the shaft since the CNR values
are higher.

The visibility of the tip of the steerable stylet
(Ni-1.65mm) looks similar to the 18G trocar nee-
dle. Both are visible in a wide range with a peak
around 90°. The visibility of the shaft scores lower
then the shaft of the 18G trocar needle.

Polar plot of needle tip visibility versus insertion angle.

[ Trocar-u 18G
I Trocar-u 18G Original
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(a)
Polar plot of needle shaft visibility versus insertion angle.

[ Trocar-u 18G
[ Trocar-u 18G Original

(b)
Figure 4.13: The results for the 18G trocar needle.
In (a) the results for the visibility of the tip, with the
results from this experiment and the original one from
the article of Van de Berg et al. [81], in (b) the results
for the visibility of the shaft.

Polar plot of needle tip visibility versus insertion angle.

[CINiS-2.7mm
[ Ni-1.65mm

(a)
Polar plot of needle shaft visibility versus insertion angle.
90 [CINis-2.7mm

[C—INi-1.65mm

(b)
Figure 4.14: The results for the visibility of the steer-
able stylet with rigid cannula (Ni-1.65mm) and for the
stylet with rigid cannula and sheath (NiS-2.7mm). In
(a) the results for the visibility of the tip, in (b) the
results for the visibility of the shaft.
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4.2.3

Some small differences between the results for the
18G trocar needle are visible in the results, espe-
cially the wider range of the visibility of the shaft.
These differences may be due to the fact that the
PVA sample was a bit different. Matlab looks at
the contrast to noise ratio in the recorded videos
of the image of the probe, if a PVA sample is used
that is less homogeneous, it will produce more
noise during ultrasound measurements which will
influence the outcome.

Discussion

Looking at the results for the steerable stylet, the
visibility of the tip contains a lot of similarities.
This was also expected since the tip is exactly the
same, only the shaft contains a sheath. Looking
at the results for the visibility of the shaft it ap-
pears that the sheath have a positive effect on the
visibility. Comparing the results for the shaft with
the results from the article, the steerable stylet
with flexor sheath scores one of the best in a wide
range. The flexor sheaths of Cook Medical(©) con-
tains a radiopaque band, incorporated within the
sheath material [82]. This radiopaque band helps
to reflect the sound waves pulsed by the ultra-
sound device wherefore the visibility of the shaft
increases.

The visibility of the steerable tip scores in gen-
eral very well compared to the results of the other
tips in the article. The steerable stylet is visible
in a wide range with high peaks. In the article,
stylets with a conical tip, a bevel tip, and a dia-
mond tip are tested where the bevel and diamond
tip scores the best for the tip visibility. This out-
come is due to the fact that these tips contain flat
surfaces which are able to reflect the ultrasound
better. Since the steerable stylet is made wit a
trocar tip, with 3 flat surfaces, it is well-visible
over a wider range.
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4.2.4 Conclusion

First of all, it is possible to reproduce the visibility
experiments to get insight in the visibility of nee-
dles since the 18G trocar needle results are similar
then the original ones form the article. In the ar-
ticle the trocar and Chiba needles scores the best
for the tip visibility and the EDM-treated shafts
for the shaft visibility. The tip visibility of the
steerable stylet is similar to the 18G trocar nee-
dle. The shaft visibility of the steerable stylet with
sheath is similar to the EDM-treated shafts. With-
out sheath the shaft scores low but is visible in a
wide range due to the cut-outs in the joint mech-
anism. In general, tip shapes with flat surfaces,
kerfed-patterns in the shaft or a Flexor Ansel Guid-
ing sheath improves the visibility with ultrasound.
For now, the steerable stylet without sheath scores
still above average compared to the results of the
other needles in the article of Van de Berg et al.
[81]. The visibility could be improved by integrate
a radiopaque band into the design of the steerable
TIPS stylet.
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4.3 Liver Model

For testing the steerable stylet, a PVA liver model
was made to see if the steerable stylet is able
to perform the TIPS procedure and if it eventu-
ally will reduce the complexity of the intrahepatic
puncture. The liver model only contains the veins
which are of interest during a TIPS procedure with
some ”tissue” around.

The liver model is made of PVA. Besides mixing
the PVA grains with water, as described in the ar-
ticle of De Jong et al. [16], cooling fluid is added to
the mixture since closed molts are used for making
the samples. With only water, the PVA mixture
will expand too much during the freeze-thaw cycles
so the molds would break apart. Appendix D de-
scribed a more detailed system description, which
materials are used and how the test model is made.

The main goals of this liver model is to test if
the steerable stylet is able to do the intrahepatic
puncture during the TIPS procedure, and if it is
able to steer while it is in the PVA sample. The
TIPS procedure will be performed as realistic as
possible, it is tested in combination with the stiff-
ening cannula. To check if the steerable stylet
is able to steer in the PVA sample both setups,
with and without cannula are tested. In future,
other new instruments can be tested on the model
and/or new IRs can train the procedure before
doing ex-vivo or in-vivo procedures.

The test model represents the navigation path
through the veins, from the jugular vein to the
portal vein. The IR is able to guide the catheters,
cannula and stylet through the jugular vein, infe-
rior vena cava into the RHV. From here, the IR
have to perform the intrahepatic puncture to enter
the PV. Figure 4.15 shows a CAD model of the
liver model. In blue the jugular vein and HV, in
pink the PV. A top view of the liver part is shown
in Figure 4.16. Since the "tissue” is made trans-
parent in this figures the inner veins are visible. In
the final model these veins will not be visible from
the outside of the model since the PVA will not be
transparent. The IR has to use ultrasound or CT
scans to locate the veins and the instruments. The
sound waves transmitted by the ultrasound device
travels into the liver model until they hit a bound-
ary. Some of the sound waves will be reflected to
the ultrasound device where others travels further.
By filling the veins with water the sound waves
will be better reflected then in air, wherefore the
veins becomes better visible when the whole liver
model is in water.
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Jugular Vein

Inferior Vena Cava

Right Hepatic Vein Portal Vein

Hepatic Vein

Figure 4.15: A schematic overview of the liver model,
the model is made transparent to see the internal veins.

Inferior Vena Cava

Liver Tissue
Right Hepatic

Portal Vein

Figure 4.16: Top view of the liver part in the test
model. The hepatic vein (blue) and the portal vein
(pink) are clearly visible in the liver.

4.3.1 Evaluation Method

To evaluate the test model, an appointment was
made with an IR at the Erasmus Hospital in Rot-
terdam. Here, the IR has done the TIPS proce-
dure with an original RUPS access set and with
the adapted stiffening cannula with the steerable
stylet. The entire set-up was placed in a large
bin filled with water to ensure all veins were filled
with water, making them better visible with ultra-
sound. Figure 4.17 shows pictures of the IR and
the liver model, the photos were taken during the
evaluation procedures.

In total, the procedure was performed with 3 dif-
ferent access sets:

e OC OS: Original Cannula + Original Stylet;
e AC OS: Adjusted Cannula + Original Stylet;
e AC SS: Adjusted Cannula + Steerable Stylet.

The adjusted cannula (AC) is the stiffening can-
nula which was bend back from a pre-bent angle

A Steerable Stylet for the Transjugular Intrahepatic Portosystemic Shunt Procedure



4.3. LIVER MODEL

Chapter 4. Evaluation

of +35° to +18°. This was necessary because the
steerable stylet was not able to push through the
pre-bent angle of the original stiffening cannula. A
fourth option as access set with the Original Can-
nula + Steerable Stylet was therefore not taking
into account in the evaluation.

During the procedure, the time was measured to
bring the stylet from the jugular vein into the PV
by puncturing the stylet from the RHV through
the tissue into the PV. With the knowledge of both
access sets, the steerable stylet could be evaluated
with a questionnaire after the procedures. In the
end, procedure steps are done to remove the stylet
from the rigid cannula and tests are done to push
the stylet through a PVA sample while steering to
see if the transmission could deliver enough force.
To conclude of the steerable stylet could reduce the
complexity of the intrahepatic puncture it must be
visible with ultrasound, able to steer into the direc-
tion of the PV, better resistant against deflection
and reduce the procedure time by entering the PV
with one attempt.

" NN \
(a) The IR performs the intrahepatic puncture step with

the steerable stylet in the liver model. The image of the
ultrasound probe is visible on the monitor.

(b) A close up from the Liver Model in water. The steer-
able stylet is first placed in the RHV with the use of the
stiffening cannula. Afterwards, the steerable stylet will

be pushed through the tissue from the RHV to the PV.

Figure 4.17: Pictures taken during the evaluation of
the steerable stylet, tested on the liver model.
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4.3.2 Results

The procedure was performed with 3 different ac-
cess sets described in the Methods section. During
the evaluation the IR first tried to enter the RHV
with the different access sets. If it was possible,
the time was measured to bring the stylet from
outside the liver model, into the jugular vein until
the PV was entered. The results are summarized
in Table 4.4 with some comments of the IR.

After the procedures with the different sets the
IR answered a questionnaire to evaluate the expe-
riences of the steerable stylet. The results of this
questionnaire are shown in Table 4.5.

As last, the steerable stylet was able to steer while
it was punctured into the PVA sample with and
without cannula. In the Erasmus Hospital a study
was started to make stiffer PVA samples wherefore
the test also could be done with two other stiffer
samples. In this samples the stylet was still able to
steer with and without cannula. The transmission
could transfer enough power exerted by the hand
to the joint mechanism to perform steering move-
ments inside the liver tissue. Curved puncturing
paths were obtained from the ultrasound device.

Table 4.4: Time results from the TIPS procedures in
the Liver Model.

Time | Reached
# | Set [min] the PV Comment
1 85 2:10 Yes -
The angle of the adapted
9 AC ) No cannula is too small. Not
oS able to turn the cannula
in the direction of the PV.
The RHV can be reached
AC with steering the tip of the
3 5:00 No stylet. The stylet can not
SS
steer far enough to puncture
afterwards into the PV.
4.3.3 Discussion

The first thing that stood out for the IR was the
steering angle of the stylet, it was able to steer,
but the angle was too small. Also the adapted
stiffening cannula brought more problems than
previously thought. With the new angle of £18° in
the tip the IR was not able to get the cannula in-
side the RHV, what is a necessary step in the TIPS
procedure. Although, the IR was able to place the
steerable stylet in the RHV by placing the stiffen-
ing cannula as far as possible in the direction of
the RHV and then push the stylet through with a
steering movement. Since the stylet was already
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Table 4.5: Results from the questionnaire after the TIPS procedures with different access sets.

Questions Szglr'legely Agree | Neutral | Disagree ]S)tlzzlgliﬁ

Steer ability

Is it easy to control the steering movement of the stylet? X

Is the lever as actuator easy to use? X

Is it easier to enter the PV with the steerable tip? X

Is the stylet able to steer when it is in PVA? X

Visibility

Is the steerable stylet visible? X

Is the steerable stylet better visible then the original one? X

Stylet Design

Is the stylet easy to remove from the rigid cannula? X

Can the syringe be easily connected to the stylet? b

Is the stiffer steerable stylet positive for the procedure? X

Liver Model (test model)

Is the test model a good representation to test and

train the TIPS procedure? *

Is the PVA sample a good representation of sick liver tissue? X
steered to one direction to enter the RHV, it was 4.3.4 Conclusion

too hard to rotate the whole set (stiffening can-
nula + steerable stylet) to orientate the stylet in
the direction of the PV.

For better test and training sessions the model
must be slightly adjusted. In the liver model the
PVA was now too soft according to the IR. The
mixture was made with 8% wt PVA grains which
is already way more than the 4% wt for healthy
liver tissue according to De Jong et al.[16]. During
the mixture step for this sample, where the PVA
is heated up to 90° Celsius, the bottom layer was
burned in the borosilicate glass. This can be due
to the fact that 8% wt PVA grains are not able to
dissolve enough in the mixture of water and cool-
ing liquid, that the mixture was heated too fast,
or that the mixture rotated not fast enough. An
additional result could be that some PVA grains
were burned and the sample had less weight per-
centage PVA grains then additionally thought.

Besides the stiffness problems of the sample, the
IR concluded that the diameters of the veins were
correct, only that the PV was located a bit too
much superior (in the direction of the head). To
make a better liver model the liver mold must be
adjusted to place the PV more inferior (direction
to the legs).
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First of all, the IR was very enthusiastic about the
steerable stylet. A mechanical steerable tip with
such long and thin shaft was something new. The
stylet was easy to use and to control, it was well
visible with ultrasound, able to steer when it was
already in tissue and removing the stylet from the
rigid cannula also worked well. Unfortunately, the
steerable stylet was not sufficiently adjusted to the
application. It was hard to get the stylet into the
RHYV with the adjusted cannula. Besides this, the
original stiffening cannula could not be used with
the steerable stylet since the rigid cannula was too
stiff. The only set what was now able to enter
the portal vein in the liver model was the original
RUPS access set.

Next to the stylet, the liver model is a good repre-
sentation to test or train the TIPS procedure. The
closed molts in combination with the PVA mix-
ture with cooling liquid are an outcome to create
models with veins inside. By placing the setup in
a bin with water, it was possible to test and train
the procedure with ultrasound. The liver model
van be made more complete by optimizing the
veins to the exact location and do more research
on the stiffness of sick liver tissue. If those issues
are solved such liver model can be used to train
the procedure or to test new instruments.
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5 Discussion

In this graduation project mechanical experiments,
a visibility test and test procedures on a liver
model are done to determine if the steerable stylet
could reduce the complexity of the TIPS proce-
dure. For the mechanical characteristics the max-
imum steering angle, joint stiffness characteristics
and the force exerted by the tip while steering were
measured. Besides the mechanical experiments,
the stylet is also subjected to a visibility exper-
iment with ultrasound and test procedures were
performed in a liver model made of PVA. During
these experiments and test procedures an adapted
stiffening cannula was used since the angle in the
original pre-bent stiffening cannula, item 3 in Fig-
ure 1.9 was too sharp (£35°) wherefore the steer-
able stylet with rigid cannula was not able to push
through.

5.1 The TIPS Stylet

Since the rigid cannula was too stiff to push
through the original stiffening cannula, some ad-
justments in the rigid cannula are tried during the
design process to make it more flexible without
changing the material. A number of grooves were
made in the area where it had to overcome the an-
gle in the stiffening cannula. Figure 5.1 shows a
schematic overview of the grooves in the cannula.
A round surface at the end of each groove was cho-
sen wherefore the tensile and pushing stresses could
be absorbed in a bigger area. Since the rigid can-
nula had to fulfill the function of the 5Fr catheter
(Figurel.9, item 2), it was sealed with a flexible
thin sleeve. This makes the rigid cannula airtight
so it could be pulled vacuum when the syringe was
connected after the intrahepatic punture.

Rigid Cannula

Figure 5.1: The adapted rigid cannula with grooves
in it to make it more flexible in the area where it has
to bend in the stiffening cannula.

After the prototype was made a few test were done.
A groove got stuck behind the stiffening cannula
causing the rigid cannula to break at that point.
Before the experiments with the prototype were
executed, the rigid cannula was replaced by a new
one without the kerfed pattern. This made the
rigid cannula more stiff wherefore it became not
able to push through the stiffening cannula. To ful-
fill all experiments with and without stiffening can-
nula, the angle of the stiffening cannula has been
bend back from +35° to £18°. During the tests in
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the liver model it became clear that the adapted
stiffening cannula was not able to enter the RHV.
Better results for these tests, and therefore for the
TIPS procedure, will be obtained when the original
stiffening cannula can be used in combination with
the steerable stylet. To achieve this the rigid can-
nula must be redesigned to make it more flexible
but still robust.

5.2

Looking into the results for all three mechanical
experiments, it stands out that the orientation of
the fixation does not show big differences in the
measurements. Although, the stiffening cannula
shows some influence on the mechanical charac-
teristics which was already expected before the
experiments were performed since the pre-bent
angle of £18° could influence the push and pull
translation in the transmission. In all three ex-
periments the results with stiffening cannula were
closer together relative to the results for the stylet
without cannula.

Experiments

Comparing the results in experiment 1 with can-
nula, the push transmission with fixation to the
right (Expl. EC12) and the pull transmission with
fixation to the left (Expl. EC23) were able to steer
further. Both results followed the curvature of the
pre-bent stiffening cannula. This outcome could
be explained by a small pre-tension in the trans-
mission due to the angle in the stiffening cannula.
The outer radius of the transmission in the an-
gle will be a bit longer and the inner radius a bit
compressed. The steering angle towards the angle
of the stiffening cannula will have an advantage
since the transmission is already a little bit in a
steering movement. With a small pre-tension in
the transmission the results for experiment 2 and 3
with cannula were expected to be higher than the
results without cannula. Due to the pre-tension it
would be harder to push the stylet away in exper-
iment 2 and since the pre-tension would give an
advantage in the steering angle, more force on the
force sensor was expected in experiment 3.

For the joint stiffness characteristics in experi-
ment 2, all measurements without cannula, even
for the original stylet, are higher. More force was
needed to push the tip away. In other words, the
stiffening cannula causes the stylet to become less
stiff. The same happened with the results in exper-
iment 3. The forces exerted by the tip for the pull
transmission without cannula (EC21) resulted in
the highest force where the results in combination
with the stiffening cannula became closer together
with both orientations, but lower.
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5.3. VISIBILITY

Chapter 5. Discussion

Since both expectations did not come out, the
results with stiffening cannula were lower for ex-
periment 2 and 3, the higher steering angles in
experiment 1 must be caused by something else.
It became clear that the experimental setups were
not properly constructed. All experiments without
cannula were done in a proper way, the last point
where the stylet was clamped was at the position
were the stiffening cannula normally ends. For the
experiments with cannula the last clamp was not
placed at the end of the stiffening cannula but a bit
towards the handle. This gives more freedom to
deflect when the experiments are executed. During
the pushing movements in experiment 2, the joint
mechanism will first deflect in its steering plane, in
combination with the stiffening cannula the stylet
had a longer length where it could deflect, and
even the stiffening cannula could deflect a bit till
the point where the clamp was placed. Since the
clamp is placed more towards the handle for the
experiments with stiffening cannula, this explains
the results where less force was needed to push
the stylet 3mm away. In experiment 3 the same
deflection problem occur. By steering the stylet
towards the force sensor, deflection will occur till
the point where the last clamp is placed. Since the
length of the tip till the last clamp differs in both
setups it can be explained wherefore the stylet
without cannula can deliver more force towards
the force sensor then the stylet with cannula since
more deflection was occurred.

Comparing results from experiment 1 with exper-
iment 2 with the same experimental conditions, it
became clear that more force was needed in ex-
periment 2 for the stylets with a small steering
angle. Less friction will occur by pushing away
the stylet within the steering area. Higher forces
will be needed when the stylet is pushed further
than its steering area, this outcome was expected
since the joint mechanisms is more flexible then
the nitinol stylet and rigid cannula. Comparing
the results from experiment 1 with experiment 3
with the same experimental condition, the con-
ditions without cannula shows similarities. The
pull transmission could make a bigger steering
angle and deliver more force towards the force
sensor while steering, where the pull transmission
scores in both experiments lower. The results in
combination with the stiffening cannula shows big
differences which can be explained again by the
different distances between the tip and the last
clamp in both experimental setups. During the
maximum steering angle experiments the stiffen-
ing cannula will deflect in a positive way towards
the steering movement for the experimental condi-
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tions EC12 and EC23. During the maximum force
exerted by the tip experiments with the stiffening
cannula (EC12 and EC23), the cannula will deflect
in a negative way wherefore the maximum mea-
sured force becomes lower then expected obtaining
the results from experiment 1.

5.3 Visibility

For this project the visibility tests were done with
the steerable ablation needle assuming that the tip
and joint mechanism were exactly the same. The
joint mechanism was made with wire EDM where
the nitinol staff was aligned by a person. Besides
this, the groove for the key in the tip and the tro-
car tip itself are made by conditional milling. Even
though this machining techniques are very accu-
rate, it cannot be assumed that the mechanism
and the tip of the ablation needle exactly match
to the steerable stylet. Still the visibility tests
were done with the ablation needle since the setup
was not made for the long shaft of the steerable
stylet. During the visibility experiments positive
outcomes where found for the flat surfaces in the
tip, the kerfed patterns in the shaft and the use
of a sheath with a radiopaque band inside. In the
current access set for the TIPS procedure, a flexor
sheath around the shaft can not be used since it
will not fit through the stiffening cannula. Incor-
porating a small piece of radiopaque band at the
distal end, in the stylet or rigid cannula, can in-
crease the visibility even more.

5.4 Liver Model

The liver model was a good testing model. Since
the test model was made of separated parts, the
liver part could easily replaced after several punc-
turing attempts to avoid the stylet to puncture in
previous paths. The PVA sample was now too
soft which could be caused by too little %wt of
grains or burning same grains in the borosilicate
glass during the heating step. The sample can be
made more stiff by adding more percentage weight
PVA grains, or by doing more freeze-thaw cycles.
For the option for adding more percentage weight
grains some research must be done to find out how
much % wt is able to solve in the mixture of water
and cooling liquid. The other option is to do more
freeze-thaw cycles with the sample. In the article
of de Jong et al. [16] a maximum of 3 freeze-thaw
cycles were performed which is copied by making
the liver model for the liver model. A research can
be done to conclude how stiff the PVA can be made
by doing more freeze-thaw cycles.
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5.5. RECOMMENDATIONS

Chapter 5. Discussion

5.5 Recommendations

More research is always recommended, especially
when it comes to medical steering instruments.
With this graduation project, a considerable step
has been taken in the right direction regarding a
mechanical steering mechanisms for instruments
with a long thin shaft. The following list con-
tains recommendations for further research and/or
changes in the design to make the steerable stylet
applicable for the TIPS procedure:

e Redesign the rigid cannula so it becomes
more flexible and can be pushed through the
angle of £35° in the original stiffening can-
nula. What would happen if a flexible tube
is used like the HFr catheter from the origi-
nal access set? A small rigid cannula can be
added in the tip where the key of the fixa-
tion is welded. Expected is that the stylet is
still able to steer but that a kink may form in
the inner radius of the flexible tube if there is
too much force exerted on the transmission.
Therefore it will lose some strength in the
transmission and joint mechanism but will
be more flexible so that the original stiffen-
ing cannula can be used.

e Another option to redesign the rigid cannula
is to modify the stiffening cannula with also
a small steering mechanism. The steerable
stylet can first be pushed through the stiff-
ening cannula in a straight configuration un-
til the tip will reach the end of the cannula.
The stiffening cannula can be steered into the
RHV after which the steerable stylet can be
pushed further through and steer into the di-
rection of the PV.

e A research to the amount of holes in the
nitinol tip. For now, there is chosen for 5
holes, motivated by the ablation needle de-
signed by N.J. van de Berg. What is the
influence of these holes on the steering an-
gle? It is expected that the joint mechanism
becomes more flexible. A bigger steering an-
gle can be achieved but the transmission and
joint mechanism would deliver less force dur-
ing the force exerted by the tip experiments.
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e In the prototype the distance from tip till the

fixation between the rigid cannula and stylet
is motivated from the steerable ablation nee-
dle. What happen to the steering angle if
the fixation is halfway the rigid cannula? It
is expected that the rigid cannula with stylet
becomes more flexible and the stylet will lose
some strength in the transmission. Is there
an ultimate distance between the tip and fix-
ation were the style with rigid cannula is flex-
ible enough to push through the original stiff-
ening cannula but is still stiff enough to resist
the lateral forces?

A research can be done to the possibilities to
sterilize the steerable stylet after the proce-
dure. Since the steerable stylet is made of
nitinol it is possible to use it multiple times
without any cracks in the material of the
joint mechanism if all subparts can be steril-
ized.

A redesign of the mold of the liver part in the
liver model. The position of the portal vein
must be made more ventrally. For making
the liver model as realistic as possible more
research must be done on the positions of the
veins.

A research on the possibilities of PVA. The
liver model with 8%wt PVA grains was still
too soft. A study to PVA is recommended to
answer the question if PVA can be made stiff
enough to represent sick liver tissue. What is
the maximum %wt PVA grains that a mix-
ture can dissolve? And if the maximum %wt
PVA grains are known, what are the maxi-
mum freeze/thaw cycles wherefore the PVA
becomes stiffer?
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The goal of this thesis was to design a steerable
stylet to reduce the complexity of the intrahepatic
puncture step during a TIPS procedure. The aim
was to provide a good visible steerable stylet which
was able to resist deflection and steer when the tip
is in contact with tissue. It became a challenge
to make a transmission and joint mechanism from
the proximal to the distal end with the same shaft
length and small diameter as the original access
set. A steerable ablation needle is used as moti-
vation for a lot of design criteria since it had a
mechanical transmission, same diameter, and was
able to make planar steering movements of +£10° to
both sides with a shaft length of +15 centimeters.
With a few modifications to the design, a steerable
stylet for the tips procedure has been made.

Conclusion

6.1 Liver Model

A representative liver model was needed to do test
procedures with the steerable stylet. A liver model
was also desired for training purposes to train the
procedure before doing ex-vivo or in-vivo proce-
dures. The liver model made for the test proce-
dure in this graduation project is a good start but
will be better with same modifications. The used
mold for the liver part must be adjusted so the lo-
cation of the PV become more ventrally. The used
PVA samples in this model were too soft. In the
Erasmus MC hospital a research is started on dif-
ferent PVA samples to find the right percentages
to achieve the same characteristics as liver tissue
with cirrhosis.

6.2 The TIPS Stylet

The prototype, with a long shaft (+60 centime-
ter) from actuator till joint mechanism, is able to
steer with only a few components in the steering
mechanism with a mechanical transmission. The
stylet and rigid cannula in the prototype are both
made of the super elastic material nitinol. Nitinol
is more expensive then stainless steel but can deal
with the stresses in the joint mechanism during
steering movements which will give the steerable
stylet a longer lifetime. The compliant joint mech-
anism and the trocar tip are well-visible in a wide
range. The shaft became well-visible due to the
joint mechanism with some cut-outs and the tip
owes its visibility to the used trocar tip with three
flat surfaces. In addition, the steerable stylet be-
came stiffer than the original stylet wherefore it
is better resistant against deflection and was able
to steer, with and without cannula, inside PVA
samples. The mechanical transmission was strong
enough to deliver the power given by the actuator,
exerted by the IR, through the long thin shaft to
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the joint mechanism. Unfortunately, the maxi-
mum steering angle is smaller then proposed and
the rigid cannula was too stiff to push through
the pre-bent angle in the stiffening cannula. To
fulfill all experiments and test procedures in the
liver model, an adapted stiffening cannula with an
angle of £18° was used.

Since the steering angle of the stylet was too small,
and the rigid cannula too stiff, the stylet will not
reduce the complexity of the TIPS procedure yet.
During the test procedures it became clear that
the angle of the adapted stiffening cannula was
too small to enter the RHV wherefore the TIPS
procedure could not be fulfilled. But still, despite
these problems, there is potential to make mechan-
ical transmissions for steerable instruments with
long thin shafts. With further research and devel-
opment, this steering mechanism must be able to
steer the proposed amount of degrees without any
extra components, is well visible with ultrasound,
good resistant against lateral forces and able to
steer while it is in tissue. This is something where
the department of interventional radiology is wait-
ing for and would definitely reduce the deflection,
the procedure time and the uncertainty to enter
the portal vein during a TIPS procedure wherefore
the hit rate will increase.
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A

TIPS: The Procedure Step-by-Step

Steps Instrument

Visibility

To determine whether a TIPS procedure

must be performed, the radiologist will first
conclude if there is actual portal hypertension.
This is done by measuring the pressure in the
inferior vena cava and the portal vein.

The portal vein will be entered by a supportive

21G needle which is punctured through the skin,

along the ribs, into the liver. The interventional 21G Needle
radiologist is guided by ultrasound

to see if the needle has entered the portal vein.

Ultrasound

A guidewire is pushed through the 21G needle

into the liver. Guidewire

The 21G needle is retracted, a 4F catheter is

pushed over the guidewire into the portal vein. Abr Catheter

Through the 4Fr catheter an agriographic
catheter (with small holes in the front) is placed
into the liver. By pushing contrast fluid through
the catheter, it will be spread in the portal vein
and its branches. With the help of a CT scan
and the contrast fluid, the filled veins will be
highlighted on the CT scans.

4Fr Catheter
Agriographic Catheter

Fluoroscopy
CT Scan

Afterwards, the jugular vein is punctured

from the right side of the neck with a 17G needle. . .
. . Guidewire

A small wire with a 10Fr sheet around 10Fr Sheet

are already inside the needle.

17G Needle

The needle will be pushed through the jugular 17G Needle
vein and the superior vena cava into the inferior Guidewire
vena cava. 10Fr Sheet

Now, pressure measurements will be performed
by the radiologist in the portal vein and the
inferior vena cava. This difference between both
veins is measured with the portosystemic pressure
gradient (PSPG).

If the pressure gradient exceeds 6 mm HG,

portal hypertension is an issue. Internal bleeding
will occur around a pressure gradient of 10 mm HG.
To decide whether the interventional radiologist
will perform a TIPS procedure he will briefly
consult with his colleagues about the PSPG value
and the health of the patient.

10

Through the 10Fr catheter, which is still in the

inferior vena cava, an agriographic catheter (Torcon

NB catheter) is pushed with a small angle in front 10Fr Catheter

(30 degrees). With the help of this angle the Torcon NB Catheter
interventional radiologists can place the tip of

the catheter in the right hepatic vein.

Ultrasound

11

Again contrast fluid will be pushed through the
agriographic catheter wherefore also the hepatic
veins becomes visible on the CT scans.

Ultrasound
CT Scans

12

A 10Fr catheter is pushed over the

agriograpic catheter into the right hepatic vein.
If the 10Fr catheter is in place, the agriographic
catheter is retracted from the body.

10Fr Catheter

Ultrasound
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Appendix A. TIPS: The Procedure Step-by-Step

13

The 14G stiffening cannula, also with an angle in
front, is pushed through the 10Fr catheter which

is still located in the right hepatic vein. When the
stiffening cannula enters the right hepatic vein, it is
rotated ventrally (to the front) so the tip is
orientated in the direction of the portal vein.

The interventional radiologist can make an estimation
how far the stiffening cannula must rotate ventrally
with the help of the CT scans and on his experience.

10Fr Catheter
14G Stiffening Cannula

CT Scans

14

A stylet, with a 5Fr van Andel catheter is pushed
through the 14G stiffening cannula into the right
hepatic vein. Since this stiffening cannula is
orientated to the portal vein, the stylet can directly
pushed into the liver tissue. The radiologist tries to
enter the portal vein by pushing the stylet and
rotating the 14G stiffening cannula. This puncturing
step is called the intrahepatic puncture.

Stylet
5Fr van Andel Catheter
14G Stiffening Cannula

CT Scans

15

If the stylet with the 5Fr van Andel catheter is

in the portal vein, the stylet is retracted from the

body. The 5Fr van Andel catheter stays through

the liver tissue in the portal vein. On the outside

of the body, a syringe (with some contrast fluid)

is connected to the van Andel catheter. By pulling

out the syringe, a vacuum is created in the van

Andel catheter. If blood is visible in the syringe, the
radiologist knows that the stylet is in the portal vein. If
not, the radiologists have to do the intrahepatic puncture
step again. If blood is visible, the blood is pushed back
with the contrast fluid. A double check with fluoroscopy
is done to check if the stylet is in the portal vein.

5Fr van Andel Catheter
Syringe

CT Scans
Fluoroscopy

16

Through the van Andel catheter a guidewire is pushed
from outside the body, through the hepatic vein into the
portal vein. If the guidewire is in the portal vein the van
Andel catheter is retracted from the body.

5Fr van Andel Catheter
Guidewire

17

Again, the Torcon NB catheter goes into the

patient, over the guidewire all the way to the

portal vein. If the interventional radiologists

is not able to push the Torcon NB catheter

through the liver tissue, they first use a small

balloon which is placed inside the punctured path.

By blowing the balloon a bit, the path will be expanded.

Torcon NB catheter
Guidewire

18

If the Torcon NB catheter is placed through
the hepatic vein into the portal vein, all

the other instruments are retracted from the
patients body. Through this catheter a shunt
and its device can be placed in the puncturing
path between the hepatic and portal vein.

Self Expandable Shunt

CT Scans

19

The shunt device is retracted where the shunt will
stay in place. By placing a balloon in the shunt, the
shunt can be expanded by blowing the balloon.

20

The last step is to check if the pressure gradient
is reduced. The interventional radiologists
measures again the pressure in the inferior

vena cava and the portal vein. If the pressure

is reduced the shunt already does his work.
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Assembling the steerable stylet starts with
the Hub. The Hub is the part that will take
care of the transmission.

The Spiral must be slide on the Hub.
The assymmetric groove have to be
aligned with the hole in the Hub.

The Spiral is attached to the Hub with
aPin.

The transmission mechanism
(Spiral + Hub) can be placed in
the Handle.

The Ball Spring Plunger can be screwed
into the Handle.

The Lever can be attached to the Handle
by sliding it over the Handle and fix it
with the Fixation Pin.

A M3 Bolt with a ring must be tightened in
the other side of the Fixation Pin to
secure the Lever.

How to: Assembling the TIPS Stylet

The entire TIPS needle with steerable stylet is assembled as indicated in the following steps:

Hub

= T

N
Handle

-

‘M_

Ball Spring Plunger

I'I L]
Lever
Fixation Pin | |
M3 Bolt
‘\_\_‘-r

| N

The first part of the steerable stylet can Cover
be closed by placing the Cover on the
Handle part.
The Cover can be fixed
M2 Bolt M3 Bolt

with a M3 Bolt. The Stylet Stylet © 5
can be placed and
tightened with a M2 Bolt.
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10. The front part of the stylet can be made Griptop
seperate. This part begins with the B ,
Griptop. -

11. The Threaded Lock must slide over the Threaded Lock
Griptop as far as possible. ./Lm

12.  The Cannula Fixation must be pressed into Cannula Fixation

the Griptop. The flat surface must match
the hole in the Griptop.

13. The Wheel can now slide over the Griptop. Wheel
The hole in the Wheel must match the %
hole in the Griptop.

14. The Rigid Cannula must be pushed asfaras M2 Bolt

possible in the Fixation Cannula. All parts :
are secured with one M2 Bolt.

Rigid Cannula
15. Both parts, Front and Back, &
can now easily be Front Part
connected to each other.  —— Back Part
16. The Front Part can slide over —

the Stylet, where the Griptop
slide partly in the Back Part.

17. By turning both parts 90
degrees apart they are locked —ﬂ)
into each other.

18. The parts will be secured by
tighten the Threaded Lock.

Figure B.1: The following steps explains how the steerable stylet for the TIPS procedure can be assembled.
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C  How to: Remove Stylet from Rigid Cannula

During the TIPS procedure a syringe is connected to a 5Fr catheter after the intrahepatic puncture.
With this syringe a vacuum is created to conclude whether the IR is actually in the portal vein. In the
new design there was no space anymore for the 5Fr catheter since the rigid cannula is necessary for the
steering mechanism to work.

After the intrahepatic puncture, the stylet can be taken out of the body where the rigid cannula re-
mains to connect the syringe. The following steps explain how to separate these two parts of the stylet
after the intrahepatic puncture.

Remove Stylet
from cannula

1. The first step to remove the
stylet from the cannula is to 4-%
loosen the threaded lock.

2. The threaded lock can be slid
off the thread. The front part —m
can be turned 90 degrees in

relation to the rear part.

3. The rear part can be removed —#_,_m

by pulling it backwards.

4, The front part with cannula
is still in place. A syringe i -
can be connected to the

luer lock.

Section View

Figure C.1: The following steps must be performed by the IR after the intrahepatic puncture. After the stylet
has been removed, a syringe can be connected with a luer lock to conclude if they are really in the portal vein.
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D Test Model for the TIPS Procedure

Purpose

This setup is designed to make it possible for radiologists to test, but also train, with the original and
the new designed steerable TIPS stylet. In order to make a realistic model, the related veins for the
TIPS procedure, as described in chapter 1.2.1, are properly constructed. Besides this, the used material
mimics imaging and stiffness characteristics of liver tissue.

Materials and Description

Two important properties for the material choice are the Echogenic (visibility) and mechanical (stiffness)
properties. During the TIPS procedure the interventional radiologist locates the stiffening cannula and
stylet with ultrasound, it is important that the material in the test model does not make any conflicts
with this image modality otherwise the stylet and stiffening cannula becomes not good visible. Deflection
of the stylet is a problem which arise during the intrahepatic puncture with the original stylet, to test
the resistance against this deflection of the steerable stylet the stiffness of the tissue in the test model
must meet the characteristics of a liver with cirrhosis.

From Chapter 1.3 the best suitable options are the water-based tissue models. The oil-based and oil-in-
hydrogel options are too flexible for making the test model. These materials will have problems with the
hollow veins in the model. From the water-based models, Poly Vinyl Alcohol (PVA) meets the require-
ments for echogenic and mechanical properties. PVA is a synthetic polymer with comparable ultrasound
imaging properties and the ability to change in stiffness by making the mixture with other ratios and/or
varying the amount of freeze-thaw processes.

PVA will not recover from the puncturing paths, therefore the liver model can be used for a few test
procedures. In order to use the liver model multiple times, the liver part must be made replaceable.

Materials

e An acrylic base plate;

e An acrylic plate with a cut-out section for the setup;
e 4 M6 nuts and bolts;

e A 3D printed mold for the connection vein and liver;
e Selvol Polyvinyl Alcohol, Selvol 165;

e Silica gel 60 (grain diameter: 0.015-0.040 mm);

e Cooling liquid;

o Water;

e A borosilicate Glass 2000ml;

e Hot and steering table, IKA® werke RETcontrol-visc (recommended);
e A small flat screwdriver (recommended);

e Pigment (optional).

Description

The test setup consists of 3 components: the base plate, connection vein from neck to liver, and the liver.
The base plate ensures that the other two parts remain in place. The connection represents the jugular
vein, superior and inferior vena cava connected together. During the TIPS procedure the interventional
radiologist (IR) makes an incision in the neck and reaches the right hepatic vein in the liver by pushing
the instruments through the jugular vein, superior and inferior vena cava. In Chapter 1.2.1 dimensions
are given for the superior and inferior vena cava which are used to make this model as realistic as possible.
The third component is the liver with the hepatic vein, the right hepatic vein, the right branch of the
portal vein and a part of the portal vein inside.

In the article of de Jong et al.[16] a research is done to mimic human liver tissue using a mixture of
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PVA. A liver with cirrhosis is stiffer due to the scarred tissue then a healthy liver. To mimic the human
liver with cirrhosis, samples are made with more weight percentage PVA grains then needed for a healthy
liver according to de Jong et al.

Design
With the help of the train model of Cook Medical (C) and the information from literature described in
Chapter 1.2.1, a final design for the liver model, represents by Figure D.1, is created. In the figures the
model is made with transparent liver tissue to see the veins inside the model. In the real model the tissue
is not transparent wherefore the IR must use ultrasound or CT scans to locate the instrument during the
procedure.

|

i

(a) Overview of a CAD model of the liver model. (b) Top view of the design of the liver part.

Figure D.1: In (a) an overview of the design of the test model. In (b) a top view of the liver model where the
hepatic vein (blue) and the portal vein (pink) are clearly visible in the liver.

To make the model with hollow veins, two molds are made. One mold for the liver and one for the
connection vein. The molds are produced with a 3D printer and contains multiple components. Both
samples are made by casting the molds with the PVA mixture. After the casting process the molds can
be disassembled. This can be done without damaging any parts of the mold wherefore the molds can be
used multiple times. Even if a part of a mold breaks down, it is easily to reproduced since it is all made
with a 3D printer.

¢ 3 i)
: ' i )
‘ ! [ ’
« ! !“E I o | .
N ” 1 &
- "
(a) Mold to produce a PVA sample of the liver with (b) Mold to produce a PVA sample of the jugular
the hepatic and portal vein. vein, superior and inferior vena cava.

Figure D.2: Representation of the models for the liver mold (a) and the connection mold (b). Both molds
consist of several parts. After the casting process the mold can be disassembled without any damage to the PVA
sample and the mold.

The liver model design is build up from the liver and connection part as two separate components. These
two components stays together on the base plate since this plate has a cut-out of the shapes connected
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together. During test procedures, both components will be punctured. The connection vein will be punc-
tured at the top, which will represent the incision in the neck to enter the jugular vein where the liver
part will be punctured between the hepatic and portal vein (the intrahepatic puncture). After several
attempts a hole will arise in the connection part and multiple puncturing paths will be in the liver part.
The hole in the connection vein has no further influence for testing the intrahepatic puncture step in the
TIPS procedure with the steerable stylet. The connection vein is only made to simulate the procedure as
realistic as possible, replacing this sample after several attempts is not necessary. The puncturing paths
in the liver part, on the other hand, will influence the test procedures. The stylet will quickly follow an
existing path between the hepatic and portal vein. To keep the test procedure as realistic as possible the
liver model must be replaced after a few test procedures.

Since the connection vein and the liver model are separate parts only the liver model have to be re-
placed after some test procedures. Since there is the opportunity to remake the liver sample with other
characteristics, the TIPS procedure can be tested with different liver characteristics.

Methods
PVA Mixture

A mixture of PVA grains with liquid is used to make the liver and connection vein. Since both molds
are closed molds, and the PVA mixture will have a few freeze-thaw cycles, cooling liquid is used in the
mixture besides the water. This will prevent that the mixture expand too much during the freezing
process which can damage the mold.

Amount of mixture required:
e Liver Mold: 0.6 L of Mixture;
e Connection Mold: 0.4 L of Mixture;

It is recommended to make some more of the PVA mixture that is required. Since the molds contains
several parts, it is possible that the PVA mixture will flow through the cracks out of the mold. To fill
this up, some extra mixture is needed. If a lot of PVA leaks, it is possible to smear the contact surfaces
of the components with vaseline or by wrap foil and tape all around the mold.

Process steps:

By changing the weight percentages of the PVA grains and the freeze-thaw cycles the mixture can be
made with different characteristics. More weight percentages grains or more freeze-thaw cycles makes
the PVA mixture stiffer. The TIPS procedure is performed in a liver with cirrhosis, typical of this is that
the liver tissue is stiffer. To achieve the best characteristics the mixture is made according to the arti-
cle of de Jong et al. [16] only with some more weight percentages PVA grains to get the PVA sample stiffer.

The following ratios are used for the samples:

e 40% cooling liquid;
60% water;
8% wt Polyvinyl Alcohol grains;

1% wt Silica gel 60 grains;

Pigment (optional);

To make the PVA mixture, all ingredients are put into a borosilicate glass. The mixture is heated to 90
degrees Celsius while stirring where a hot and steering table is recommended for this step. The mixture
stood for 15 minutes on 90 degrees Celsius while stirring, the PVA grains need some time to melt nicely
into the mixture. Steering is required otherwise the PVA will burn onto the bottom of the glass. If the
PVA is nicely melt the mixture must cool down to, at least, 50 degrees Celsius before pour into the molds.
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Liver Mold

The mold can easily divided in an upper and lower part as shown in Figure D.3. Both upper and lower
parts are separated in more components which are all denoted in the figures.

Pour process steps:

Make the molds cold by putting them in a freezer for a hour;
Meanwhile, the PVA mixture can be made as described above;

After the mixture is cooled down to 50 degrees Celsius or less, the mixture can be poured in the
molds;

Fill the lower part with the PVA mixture first;
Place the upper part on the lower part (possible in one way);
Use the small hole in the upper part to fill the mold till the top with the PVA mixture;

If necessary, refill the mold with PVA mixture. If the PVA mixture runs out through the cracks it
is possible to close the mold with foil and tape;

Place the mold in the freezer for 12 hours;
Remove the mold from the freezer and allow the mixture to thaw, & 12 hours;

To make the PVA stiff enough, the freeze and thaw process must be done 3 times.

Remove mold process steps:

Place a small flat screwdriver through the lower and upper part of the mold and push them slightly
apart all around;

Remove component Ul from U2 + U3 + U4;
Remove L1 from the lower part;

Place the flat screwdriver between L3 and U2 to push both components slightly apart, make just
enough space so the pins of L3 are not in the holes of U2 anymore. L3 can now be removed;

Push L2 and U4 apart with the screwdriver. With enough space the pins of L2 are not in the U4
holes anymore, L2 can then be removed;

Now easily U2 and U4 can be removed;

As last, component U3 can be removed.

(a) The lower part of the liver mold. (b) The upper part of the liver mold.

Figure D.3: In (a) the lower part of the liver mold is shown, where it is in three components, L1, L2 and L3.
In (b) the upper part is shown which is divided in four components, Ul, U2, U3 and U4. All the components are
denoted in the figures.
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Connection Vein Mold

The

connection vein mold also contains two main parts. Figure D.4 shows the upper and the lower

part. The lower part is one piece, the upper part is divided into five different components. In Figure
D.4 all components are denoted. Before starting the molding process the upper components can already
assembled together as shown in Figure D.4b.

Pour process steps:

Make the molds cold by putting them in a freezer for a hour;

Make the PVA mixture as described above;

After the mixture is cooled down to 50 degrees Celsius or less, the mixture can pour in the molds;
Place the upper part on the lower part (possible in one way);

Use the small hole in the upper part to fill the mold till the top with the PVA mixture;

If necessary, refill the mold with PVA mixture. If the PVA mixture runs out through the cracks it
is possible to close the mold with foil and tape;

Place the mold in the freezer for 12 hours;
Remove the mold from the freezer and allow the mixture to thaw, + 12 hours;

To make the PVA stiff enough the freeze and thaw process must be done 3 times.

Remove mold process steps:

Place a small flat screwdriver through the lower and upper part of the mold to push them slightly
apart all around;

The lower part L1 can easily be removed from the upper components;

Remove part Ul from the upper part. If necessary, use the screwdriver to push component Ul from
U2;

U2 can now be removed. If necessary use the screwdriver to push U2 from U3+U4+U5;
The parts U3 and U4 can be removed from part U5;

As last, component U5 can be removed.

(a) The lower part of the connection mold. (b) The upper part of the jugular mold.

Figure D.4: In (a) the lower part and in (b) the upper part of the jugular mold is shown. The lower component
is one part, the upper part is divided in five components, U1, U2, U3, U4 and U5. All the components are denoted
in the Figures.
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Conclusion

Overall, this test setup is a good representation model to train the TIPS procedure with new interventional
radiologists or test the procedure with new designed stylets, needles or catheters. Because the components
are easy to replace, this setup can be used multiple times by remaking the PVA models. Since the models
can be made with different characteristic by changing the amount of weight percentages PVA grains or
the amount of freeze/thaw cycles, radiologist in training can practise the TIPS procedure with different
"livers” to feel more comfortable before they perform a real TIPS procedure and new instruments can be
tested in tissue with different stiffness characteristics.

(a) The closed molds for the liver model and con- (b) Both veins where the molds are partly removed
nection vein, both filled with the PVA mixture. after the freeze-thaw cycles.

(¢) The liver part of the test model, made of the (d) An overview of the test model.
PVA mixture with some red pigment.

Figure D.5: The results of making the PVA connection vein, the liver part and the test setup.
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E  Experimental Setup

Measuring Steering Angles, Joint Stiffness and Maximum Transverse Forces

Purpose

This experimental setup is made to measure the maximum steering angle, joint stiffness and maximum
forces exerted by the tip of the new designed TIPS needle with steerable stylet. The base of the setup
is made universal wherefore experiments can be done easily with, and without the pre-bent stiffening
cannula in succession.

The purpose of these experiments is to see if the new stylet can meet the mechanical requirements.
Is the steerable stylet able to reach the proposed steering angle? Can the new stylet match, compared
to the original used stylet, the resistance against the transverse forces exerted on the stylet during the
intrahepatic puncture, or is it even better? And finally, what are the maximum forces that the stylet
can deliver during a steering movement, is it able to steer while puncturing through tissue? To answer
the following questions a experimental setup is build where parts can be switched in order to do all the
experiments with one single base.

Materials

Figure E.1 represents schematic top views of both experimental setups. Both setups exists of three main
components as denoted in the figure. Firstly, the base is represent by the black panels at the left where
the handle of the stylet is clamped, the steering lever will still have enough freedom to rotate to both
sides. The base is made with cut outs in the front wherefore the second component, the middle part, can
be clamped into the base. The middle part is different for the experiments with and without stiffening
cannula. Since this stiffening cannula has an angle of +18 degrees in the front, the middle part of this
setup is also build with a 18 degree angle in front. For the experiments without cannula (only the stylet)
a straight middle part is used. The last component in the experimental setup is the front part. This part
decides which experiment can be performed. Since these front parts can easily switched with other ones,
it is possible to perform multiple experiments in succession with almost the same setup.

Figure E.la represents the experimental setup for only the stylet with a straight middle part. Fig-
ure E.1b represents the experimental setup for the experiments with the stylet in combination with the
pre-bent stiffening cannula. The used materials for the experimental setups are given in the given for
each part separately.

Middle Part Front Part

(a) Schematic top view of the experimental setup for testing the stylet.
Base Middle Part

Front Part

(b) Schematic top view of the experimental setup for testing the stylet in combination with the
pre-bent stiffening cannula with an angle of + 18 degrees.

Figure E.1: In (a) the experimental setup for the stylet. In (b) the experimental setup with the stiffening
cannula and stylet.
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Appendix E. Experimental Setup
Measuring Steering Angles, Joint Stiffness and Maximum Transverse Forces

Design

All panels to build the parts for the experimental setup are made with a lasercutter. Parts can easily
be changed and/or replaced by remaking the necessary parts. With the universal base for the handle,
all the experiments can be done after each other by changing the middle part and/or the front part. By
removing the middle part the stiffening cannula can be easily slide over the stylet. The other middle part
can be placed and the stiffening cannula can be clamped, the experiments for the stylet in combination
with the stiffening cannula can now be executed.

Base

The base consist of multiple acrylic panels glued together. The handle of the needle has 6 small notches
at the sides with a diameter of 5mm. Using this notches, the handle can be clamped easily with M2.5
bolts and nuts. 4 of the 6 notches are used to clamp the needle which is represented by Figure E.2a. The
last two notches are not used since the lever must have the ability to steer to its maximum configurations.
Figure E.2b shows the front of the base plate with the cut outs, protrusions made in the middle part fits
exactly in the cut outs.

Materials

The following materials are used to build the base of the experimental setup:

e 3mm acrylic plate;

Lasercut drawings to cut the panels of the base;

Lasercut drawings to make the mechanisms to clamp the handle to the base;

Acrylic glue;

2 clamp mechanism;

e 4 x 2.5mm x 10 mm bolts and nuts.

(a) Top view of the base part of the experi- (b) Front view of the base part of the exper-
mental setup. The handle is clamped with 4 imental setup. Different middle parts can be
M2.5 bolts. clamped into the cut outs.

Figure E.2: The base for the experimental setup, in (a) a top view, in (b) a front view.

60

Appendices
A Steerable Stylet for the Transjugular Intrahepatic Portosystemic Shunt Procedure



Appendix E. Experimental Setup
Measuring Steering Angles, Joint Stiffness and Maximum Transverse Forces

Middle part

The middle part of the experimental setup is also build from acrylic panels. One side of the middle part,
represent by Figure E.3a, have protrusions which fits exactly into the cut outs of the base. Experiments
with and without the stiffening cannula can be done by changing the middle part. The middle part for
the stiffening cannula contains an angle of £18 degrees in front which follows the shape of the stiffening
cannula.

Both middle parts have 5 points on the top plate where clamping mechanisms can be attached. Fig-
ure E.3b shows the clamp mechanism. These mechanisms can clamp the stiffening cannula but also the
stylet on itself. In Figure E.1 only three of the five clamp mechanisms are attached on the top plate.
In the experimental setup for the stylet without stiffening cannula the last clamp is made at the same
position where the stiffening cannula ends when the stylet is pushed through.

Materials

The following materials are used to build the middle part of the experimental setup:

e 3mm acrylic plate;
e Lasercut drawings to cut the panels of the middle part;

e Lasercut drawings to make the mechanisms to clamp the stylet/stiffening cannula to the middle
part;

e Acrylic glue;
e 10 clamp mechanisms (for both setups);

e 50 x 2.5mm x 10 mm bolts with nuts (for both setups).

(a) The protrusions in the middle part. (b) The clamp mechanisms used to clamp the
These protrusions can attach the middle part stiffening cannula or the stylet. These mech-
to the base of the experimental setup. anisms can be tighten by four M2.5 bolts.

Figure E.3: The middle part of the experimental setup, in (a) the protrusion to attach to the base, in (b) a
clamp mechanism to clamp the stiffening cannula/needle.
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Appendix E. Experimental Setup
Measuring Steering Angles, Joint Stiffness and Maximum Transverse Forces

Front part

By only changing the front part, three different experiments can be done in succession for the stylet or
the stylet in combination with the stiffening cannula. Figure E.4 shows a schematic overview of the three
different front parts.

The front part for measuring the steering angle is a single acrylic plate with a protractor engraved.
This plate is aligned so the steering angle is zero degrees if the lever is at his unsteered configuration as
shown in Figure E.4a.

The front part for the joint stiffness characteristics consist of a acrylic base plate with slots. Two bmm
plates are glued together, the under plate has bigger slot where the M5 nuts fits in. The linear stage
can be attached to the base plate by M5 x 10 mm bolts. Slots have been used so the linear stage can be
moved a little to the left and right to perfectly align the linear stage to the tip of the stylet. Since the
corner profile (white part on top of the linear stage in the Figure) contain two slots, one can be used to
attach the profile to the linear stage and one to attach the Futek 2Ib (9N) force sensor. To measure the
forces while the tip of the stylet is pushed, the force sensor must contain a M3 bolt which make contact
with the tip while it is in its unsteered configuration. An overview of the front plate is given in Figure E.4b.

The third front part contains acrylic plates and the force sensor. With this setup the forces are measured
while the stylet presses (in a steering movement) against the Futek 2Ib (9N) force sensor. The force
sensor can slightly move to the left and to the right so it can be perfectly aligned. The 3mm bolt from
the force sensor to the stylet can be adjusted so it makes contact with the stylet while the stylet is at its
unsteered configuration. Figure E.4c represents the front part for measuring the maximum forces exerted
by the tip.

Materials
The following materials are used to build the three front parts of the experimental setup:

e 3mm and 5mm acrylic plate;

e Lasercut drawings to build the front part;

Acrylic glue;

A ThorLabs XR25C linear stage;

A Futek 21b (9N) force sensor;

e A corner profile with two perpendicular slots for a M5 and M3 bolt;
e 2 x M3 x 5 mm bolts;

5 x M5 x 10 mm bolts with nuts;

e 1 x M3 x 10 mm ring bolt;

Rigid Cannula

Rigid Cannula Stylet

Rigid Cannula  Engraved Protractor

Force Sensor

Clamp /
Styl et Linear Stage .
Force Sensor
(a) Front section to measure (b) Front section with a linear (c) Front section to measure the
the steering angle of the new stage to find joint stiffness char- forces which the stylet can exert
steerable stylet. acteristics. while steering.

Figure E.4: The three different front sections for the experiments, in (a) a protractor the measure the the angle
for the steerable stylet. In (b) the front section with a force sensor in combination with a linear stage. In (c) the
front section with a force sensor wherefore the forces during a steering movement can be measured.
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Appendix E. Experimental Setup
Measuring Steering Angles, Joint Stiffness and Maximum Transverse Forces

Experiments

Three experiments have been done with this experimental setup. The purpose, experimental setup,
methods, discussion and conclusion for each experiment can be found in Chapter 4. All the experiments
are performed for the stylet and the combination of the stylet with the stiffening cannula:

e TIPS Stylet - Maximum Steering Angle;
e TIPS Stylet - Joint Stiffness;
e TIPS Stylet - Force Exerted by Tip.

Orientation

All experiments are done with two different orientations of the stylet to conclude if the orientation of the
fixation will influence the measurements. In the experiments the fixation is orientated to the left and
right side. The differences between the orientations are explained by schematic overviews in the figures
below.

Experiment 1: Maximum Steering Angle

In the steering angle experiment for only the stylet the orientation will not make any influence since the
stylet is able to steer in both directions where the steering movement is made with a push and a pull
transmission. Still, the orientation is denoted to compare the results with the other experiments more
easily. For the experiments with the stiffening cannula the angle in the pre-bent stiffening cannula can
have influence on the steering characteristics of the stylet. To test this, the experiments are done with
the fixation to the left and to the right. In Figure E.5 all three different setups are shown. The used
colors in these picture corresponds to the results which are shown in Figure 4.7.

End rigid

Fixation
cannula

\ N

EC22 EC13 EC23

Fixation N
End rigid
cannula

End rigid
cannula

(a) (b) (c)
Figure E.5: Schematic overviews of the different experimental setups. In (a) the setup for the stylet without
the cannula. In (b) the setup with cannula with the fixation to the right and in (c) the setup with the fixation to
the left.

In Table E.1 all different experiments are summarized. Each experimental condition (EC) is randomly
done 5 times (n = 5). Experiments will be done with only the stylet (St) and with stylet and stiffening
cannula (St + Can). During the experiments with cannula the fixation is orientated to the right (R) or
left (L) side.

Table E.1: The experimental conditions for the maximum steering angle experiment.

n=5 L R L
- St St + Can St 4+ Can
Push | EC11 EC12 EC13
Pull | EC21 EC22 EC23
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Appendix E. Experimental Setup
Measuring Steering Angles, Joint Stiffness and Maximum Transverse Forces

Experiment 2: Joint Stiffness

In the second experiment the joint stiffness will be measured for the original stylet, the steerable stylet
and the steerable stylet with cannula in both orientations. Figure E.6a shows a schematic overview of the
experimental setup. The linear stage will push the tip of the stylet to one side (red arrow). Figure E.6b
and E.6¢ shows both orientations which are used in the experiments with only the stylet, in Figure E.6b
the fixation is to the left, in Figure E.6c¢ is the fixation to the right side of the setup. The setups of the
experiments with the stiffening cannula looks similar to these. The used colors in the figures corresponds
to the colors in the results shown in Figure 4.8.

Baseplate

E A U Force Sensor
< [l

Lineair Stage

O
End rigid End rigid
cannula cannula
1 — T T — | - -

AV YA

o o/ 1 H o o
E Rigid Cannula Stylet

‘ Fixation ‘ Fixation

«

Rigid Cannula Stylet
T
‘
(a) (b) (c)
Figure E.6: Schematic overviews of the experimental setup and its orientations. In (a) the setup where the
linear stage will push the stylet to one direction during the measurements. In (b) the setup for the stylet without

cannula with the fixation to the left side and in (c) the setup for the stylet without the cannula with the fixation
at the right side. The setups for the experiments with the stiffening cannula looks similar.

Eh-sﬂ%u
ZKT
e

ECT1

A summarize of the different experimental conditions are summarized in Table E.2. All experiments will
be done 5 times for the steerable stylet (SS) and the steerable stylet with stiffening cannula (SSC) in
both orientations. Besides this, the experiment is also done 5 times for the original stylet without (OS)
and with stiffening cannula (OSC). For those experiments there is no difference in orientation since there
is no fixation in the stylet.

Table E.2: Experimental conditions for the joint stiffness experiment. Both original and steerable stylet are
tested in combination with the stiffening cannula.

n=>5 ‘ SS SSC OS O0OSC
L EC11 EC13
R EC21 EC22
- EC33 EC34
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Appendix E. Experimental Setup
Measuring Steering Angles, Joint Stiffness and Maximum Transverse Forces

Experiment 3: Force Exerted By Tip

The third experiment will look at the maximum force what the stylet can deliver while making a steering
movement. These experiments are performed with almost the same setups as the previous experiments.
Now, the front part will contain a fixed Futek 2Lb (9N) force sensor. A bolt connected to the sensor
can be adjusted to make contact with the tip of the stylet is in an unsteered configuration. The forces
are measured while the transmission makes a push movement (fixation to the right) and for the pull
movement (fixation to the left). Both experiments are done for the stylet and the stylet with stiffening
cannula. Figure E.7a shows a schematic overview of the front part where the stylet and fixed force sensor
are mentioned. Figure E.7b and E.7c shows two different orientations for the experiments with only the
stylet. Both orientations are also done in the experiments for the stylet with stiffening cannula. The used
colors corresponds to the colors used in the results shown in Figure 4.9.

II T T

T 1
End rigid End rigid
—— T T M3Bolt cannula cannula
Cannula Syt ¢ Sl ")
o © 1 y ] o o | 1
gi::;ioforce Fixation Fixation
; T Ig_ L —1 ¥m 5 e — % ;
2 24
EC11 ! ",
(a) (b) (c)

Figure E.7: Schematic overviews of the experimental setup and its orientations. In (a) the setup where the
stylet will be pushed through the fixed force sensor. In (b) the setup for the stylet without the cannula with the
fixation to the left side and in (c) with the fixation to the right side. The setups for the experiments with the
stiffening cannula looks similar.

Table E.3 shows the different experimental conditions for the Force Exerted By Tip experiments. Ex-
periments are done with the steerable stylet (SS) and the steerable stylet with stiffening cannula (SSC).
The names of the experimental conditions corresponds to the names of the other experiments wherefore
it is easier to compare the results between the different experiments afterwards.

Table E.3: Experiments to define the forces exerted by the tip of the stylet.

n=5| SS SSC
R | ECIl ECI2
L EC21 EC23
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Appendix E. Experimental Setup
Measuring Steering Angles, Joint Stiffness and Maximum Transverse Forces

Conclusion

With the universal base in this setup it is easy to evaluate the steerable stylet with the three different
experiments, with and without the stiffening cannula. By doing the experiments with the two different
orientations, the influence of the angle in the pre-bent stiffening cannula can be obtained and compared.
From the first experiment a conclusion can be drawn about the steering ability in both push and pull
translations in the transmission. In the second experiment, the joint stiffness experiment, a conclusion
can be made about the stiffness of the steerable stylet compared to the original stylet to answer the
question if the steerable stylet is better resistant against the lateral forces and therefore deflection. With
the third experiment a conclusion can be made about the strength of the transmission and the joint
mechanism. Is the transmission strong enough to steer the tip even when pressure is applied in the form
of lateral forces. In other words, is the steerable stylet able to steer while the tip is already in tissue.

With this experimental setup the mechanical characteristics for the steerable stylet could be measured.
Since the middle part and the front part can be disconnected from the base, it is even possible to do in
the future more experiments with the same base.

(a) The base (black) and middle part (transparent) (b) Front section with a linear stage and force sen-
with the stylet attached to it. sor to find the joint stiffness characteristics.
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F  Data from Experiments

Experimental Setup: Force Sensor

For the Displacement-Force experiment and Maximum Force experiment a Futek 21b (9N) force sensor is
used. The force sensor is connected to a computer. The voltage of the sensor can be read with a LabJack
controller and the software LJStreamM on the computer. The more force the sensor receives, the higher
the voltage. To do accurate measurements, the force sensor has been calibrated first. This is done by
hanging weights of 0 to 300 grams in steps of 50 grams on the force sensor. The voltage of the sensor
is read after each step. This measurements are done three times. Since the only force on the hanging
weight is the gravity, the factor voltage-force can be calculated. In Figure F.1 the data set to calibrate
the force sensor is shown. Here the force of the hanging weights are calculated by:

Force[N] = Weight[kg] - 9,81[m/s?] (F.1)

For the voltage the A voltage is measured by looking between the difference between the two successive
steps. From the three measurements the average voltage V, AV, and the cumulative voltage C, is calcu-
lated

The voltage-force factor is calculated with:
Factor[N/v] = Force[N]/C,[v] (F.2)

From all the factors in the last column the average value is taken to use as the final factor for the
experiments.

Calibration Futek 2Ib (9N) Force Sensor
22-11-2018

Voltage [v] Voltage [v] Voltage [v] Voltage [v] Fac [N/v] =F[N]/V[v]

-0,0986 0,5726 -0,097 0,572 -0,0972 0,5722 -0,0976 0,5723 0,0000 0,0000

50 0,4905 0,474 0,576 0,475 0,574 0,475 0,575 0,4747 0,5750 0,5723 0,8571

100 0,981 1,05 0,574 1,049 0,576 1,05 0,574 1,0497 0,5747 1,1473 0,8551

150 1,4715 1,624 0,573 1,625 0,575 1,624 0,576 1,6243 0,5747 1,7219 0,8546

200 1,962 2,197 0,578 2,2 0,575 2,2 0,575 2,1990 0,5760 2,2966 0,8543

250 2,4525 2,775 0,575 2,775 0,575 2,775 0,585 2,7750 0,5783 2,8726 0,8538

300 2,943 3,35 3,35 3,36 3,3533 3,4509 0,8528

FACTOR 0,8546

Figure F.1: All measured data during the calibration of the Futek 21b (9N) force sensor.
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Appendix F. Data from Experiments

Experiment 1: Maximum Steering Angle

All data to find the maximum steering angle of the stylet are shown in Figure F.2. All photos with the 0°
line, the 90° line and the line from the rotation point to the tip of the stylet are shown. From this lines
first the angle between the 0° line and 90° line was measured to reduce the margin of error. Afterwards,
the angle between the 0° line and the line through the rotation point to the tip were measured and
adjusted with the following equation:

Angle [degrees] = Measured Angle /(Real 90 degrees angle/90) (F.3)

All vector lines are drawn in Adobe Illustrator after which the angles are measured in Solidworks. The
final results are shown in a bar chart in Chapter4.1.1.

Steering Angle: With Cannula - Fixation Left

Steering Angle: With Cannula - Fixation Right
Figure F.2: All measured data during the steering angle experiment.

okkahak

Steering Angle: Only Stylet
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Joint Stiffness
The data sets for the displacement - force characteristics of the stylet are shown in the figures below.

Figure F.4 shows the measurements for the or

Experiment 2

ments for the steerable stylet without cannula with the fixation orientated to the left and right. Figure

F.5 shows the measurements for the original stylet and the steerable stylet w
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Appendix F. Data from Experiments
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Appendix F. Data from Experiments
steerable stylet since push movements
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Force Exerted By T

Experiment 3
The experiment for the maximum forces is only done with the

against the force sensor are required by making a steering movement which was not possible with the
original stylet. Figure F.6 shows the data sets for the maximum force measured with the fixation orien-

tated to the left and to the right, with and without cannula.
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