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Summary

Endovascular surgery is a type of minimally invasive surgery where the body is accessed via
the vascular system. In some types of endovascular surgery on the aorta, a catheter needs
to be placed in a renal artery to enable renal artery stenting. Therefore, a catheter and a
medical guide wire are maneuvered through the vascular system and placed inside the renal
artery.
In one in eight patients, the renal artery is angulated (≤ 50◦ ), which could cause the catheter
and the guide wire to deflect from the renal artery in direction of the heart [10, 4, 19]. In
the case that deflection leads to retraction of the catheter and the guide wire from the renal
artery, new attempts should be made to access the renal artery. The associated risks with
placement of a catheter and guide wire are: embolization, subintimal dissection (18% of the
renal artery stenting attempts) and prolonged intervention time and fluoroscopy [1, 46, 18].
To prevent the foregoing problems, this project was dedicated to the development of a guide
wire that comprises of a distal segment, from which its rigidity could be controlled and varied.
The development of a Variable Rigidity Guide Wire (VRGW), was commenced with the set-up
of a requirements specification by deducting functional and regulatory requirements.
To find applicable variable rigidity mechanisms, a literature and patent search was conducted
with the online database service ‘STN’. The variable rigidity mechanisms were evaluated
with the requirements specification. Afterward, the design-direction was delineated to the
following: Control and vary rigidity in a distal segment of a guide wire by the compression of
structures via human power.
The design phase was started by the composition of a morphological matrix, where subsolutions were listed for sub-functions. The sub-functions encompassed the goal in this project
to control rigidity in a distal segment of a guide wire. The sub-solutions were combined into
a concept with laced cylinders.
The concept of laced cylinders consisted of a distal segment, where cylindrical shaped structures were stacked upon a shaft and laced with a pull wire. The pull wire was fixated at
the top cylinder, from which it ran through the cylinders and the shaft towards a handle at
the bottom side. Pulling the handle resulted in tension of the pull wire, causing the stack of
cylinders to be compressed and therefore locally increasing the rigidity.
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The cylinders consisted of a convex contact surface at the top and a concave contact surface at
the bottom. The cylinders were stacked upon their curved contact surfaces, whereby shoving
of cylinders resulted in the stack of cylinders to bend.
A demonstrator of the laced cylinders concept was manufactured, which comprised a stack
of 50 cylinders with a diameter of 7 mm. The stack of cylinders enabled omni-directional
bending, wherein the rigidity in the stack of cylinders could be altered—without inflicting
movement.
Based on the experiments that were done on the demonstrator, was determined that the
rigidity could be altered between 3-22 GPa, as a function of 3-21 N tensile force on the pull
wire. To put the rigidity of the demonstrator in perspective; 22 GPa was half the rigidity of
a commonly used stiff Radifocus guide wire (Terumo corp., Tokyo, Japan)
The feasibility and functionality of the demonstrator, has shown the potential of the laced
cylinders concept and has pushed the creation of a variable rigidity guide wire. Unfortunately,
the laced cylinders concept lacked materialization and mechanical analysis of the shaft, the
locking system and the handle, which are elemental parts of the variable rigidity guide wire.
Concerning rigidity control, the friction force between the cylinders was found to be the
primary parameter and essential for estimation. The estimations on rigidity in the demonstrator correlated highly (R≈ 0.98) with the experimental rigidity. Although the results were
obtained with few measurements (n=3), the high correlation indicated that the estimator
in this project was a good tool for determining the rigidity in the variable rigidity segment.
However, more measurements are required for proper validation of the estimator.
The estimation of rigidity in a variable rigidity guide wire, which is placed in the vascular
system would be even more of a challenge. A study is required on how to adjust the cylinders,
such that friction forces between cylinders are maximal in an endovascular environment.
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1-1 Fenestrated Endovascular Aneurysm Repair (FEVAR); a fenestrated endograft (1.)
is placed in the lumen of the aorta (2.), therewith sparing the aortic aneurysm
(3.) from blood pressure. From fenestrations (4.) in the endograft, small stents
(5.) extend in the renal arteries (6.) to fixate the endograft and secure isolation
of the aortic aneurysm from blood-flow and blood-pressure. Renal arteries supply
blood-flow to the kidneys (7.) (source image: [34]) . . . . . . . . . . . . . . . .

2

1-2 Balloon Expandable Stent (BES); a catheter with a balloon (1.) and stent (2.)
mounted to its distal end. Deployment of the stent is enabled by inflation of the
balloon (source image: [35]) . . . . . . . . . . . . . . . . . . . . . . . . . . . .

2

1-3 Overview of the aneurysmal aortic segment, where the fenestrated endograft (1.)
has been inserted and deployed from a delivery catheter (4.) in the aortic aneurysm
(3.). The delivery catheter was inserted in the vascular system through the femoral–
and the iliac artery at the side were the delivery catheter was introduced (i.e. the
ipsilateral side) (5.). When the fenestrations are in line with the renal arteries (2.),
the floppy guide wire (7.), catheter (8.) and introducer sheath (9.) are advanced
via the contralateral femoral and iliac artery (10.) towards the renal arteries. The
illustration was adapted from: [33] . . . . . . . . . . . . . . . . . . . . . . . . .

3

1-4 (a) A guide wire (1.) is pushed through the lumen of a beveled needle (2.) to
access the femoral artery (3.) (source image: [44]). (b) An introducer sheath
consists of an outer sleeve (4.) that is indicated in black and an internal obturator
(5.) that is indicated in grey (source image: [38]) . . . . . . . . . . . . . . . . .

4

1-5 (a) A floppy guide wire (1.) is pushed through a catheter (2.) and cannulated
in the left renal artery (3.) to a depth of approximately 8 cm. θ indicates the
renal artery take-off angle between the renal artery and the infrarenal aorta. (b)
Catheterisation of the left renal artery. (c) Deflection of a catheter and a floppy
guide wire in direction of the heart (i.e. proximal); the catheter does not engage
the renal artery but is retracted from the renal artery while the catheter is pushed
to achieve catheterisation. The guide wire is retracted along with the catheter
from the renal artery. The illustrations were adapted from: [33] . . . . . . . . .
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1-7 (a) The catheter (1.) is retracted from the left renal artery to enable advancement
of a Balloon Expandable Stent (BES) (2.). (b) The BES is shoved over the stiff
guide wire (3.) through the introducer sheath (4.) and inserted into the left renal
artery. The illustrations were adapted from: [33] . . . . . . . . . . . . . . . . . .

7

1-8 A Balloon Expandable Stent (BES) is advanced over a guide wire through the
subintimal layer of an artery (scource image: [32]) . . . . . . . . . . . . . . . . .

8

1-9 Free Body Diagram (FBD) of a VanSchie catheter (Cook corp., Bloomingdale,
IN, USA) and a Radifocus guide wire (Terumo Corp., Tokyo, Japan) in an aortic
segment. The VanSchie catheter was placed in the orifice of the left renal artery and
the Radifocus guide wire was cannulated inside the renal artery up to 8 cm. Because
the Radifocus guide wire protrudes the tip of the catheter ± 8 cm, the guide wirecatheter combination straightens and exerts a bending moment (Mguide wire ) on
the left renal artery. The VanSchie catheter was pushed by Fcatheter push whilst the
guide wire was fixated proximally. The left renal artery counteracts Mguide wire and
Fcatheter push with Ff ric. artery (nr. 1) and Fnormal artery (nr 2). The illustrations
were adapted from: [33]) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

9

1-10 Force equilibrium between the Radifocus guide wire, the VanSchie catheter and the
(left) renal artery. It was assumed that the Radifocus guide wire is in full contact
with the distal curved section of the VanSchie catheter. Due to the advancement
of the VanSchie catheter, a distributed load (Qcatheter ) is effective perpendicular
to the Radifocus guide wire. Detail A shows a section of the Radifocus guide wire.
The distributed load (3 : Qcatheter ) effectuates a bending moment over the length
of the section of the guide wire that is counteracted by bending stiffness EI in the
Radifocus guide wire. The catheterisation force (4 : Fcatheterisation ) is opposed by
friction from the guide wire (5 : Ff ric. guide wire ) and friction from the endothelium
of the renal artery (1 : Ff ric. artery . The straightening moment from the guide wire
(7 : Mguide wire ) on the endothelium of the renal artery increases the frictional
force (1 : Ff ric. artery ). The image was adapted from: [33]) . . . . . . . . . . . .

11

2-1 The diagram presents the derivation of sub-functions from the main function for
the VRGW: Control rigidity in a variable rigidity segment. This function deduction
was done to derive functional requirements for the listing of a requirements specification. The deduction of sub-functions was helped by application of the Functional
Analysis System Technique (FAST), which was carried out in the following manner. From the main function, the sub-functions Rigidity manipulation and Rigidity
feedback were deducted by answering the question: ’How is this function to be
met?’ (a.k.a; the ’How?’-question). By continuing to ask the ’How?’-question
to the sub-functions; Rigidity manipulation and Rigidity feedback, the elemental
sub-functions on the right side of the diagram were compiled. The elemental subfunctions were the sub-functions on the lowest level. By moving from right-to-left
in the diagram, the following question is applicable: ’Why is this function to be
met?’, which was used to determine whether a sub-function was logically derived.
From the elemental sub-functions, functional requirements were derived by asking
questions such as: How much?; how fast?; how soon?; how long? [53, 49]. . . .

16

2-2 The matrix comprises of the main categories/headings of the requirements checklist. The 35 categories were a combination of seven rows that represented the
life-cycle of a product and five columns that encompass requirement areas. The
following categories were considered applicable for the development of a VRGW:
’Operation Performance’; ’Operation Safety’; ’Manufactoring Process’. The applicable categories were outlined in red in the matrix [49] . . . . . . . . . . . . . .
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3-1 The beads-concept allows rigidity control by adjusting compression between a string
of beads (nr. 109) [2]. Initially, the beads can hinge with respect to each other,
allowing the string of beads to be straight (a) or bend (b). By twisting the knob
(nr. 305) on the proximal side, segment 303 is advanced over a screw-threaded
wire (nr. 307) against the beads. Doing so, the beads are compressed against one
another, rigidifying the string of beads in any configuration. Picture from [2] . .

21

3-2 Rigidity control by wrapping a bulk of small particles in an airtight foil tube. (a)
Initially the pressure inside and outside the tube are the same; allowing the particles
to move freely along each other and the structure to be bend. (b) A vacuum pump
is attached to the proximal side to lower the internal pressure. Doing this, the foil
tube is wrapped around the particles, compressing them and rigidifying the bulk of
particles. Picture from [29] . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

22

3-3 A system to control rigidity of a guide wire comprises a core wire (nr. 101), which
is enveloped by a sac (nr. 501) containing a fluid with micro spheres (nr. 509).
By addition or removal of the fluid the stiffness of the system can be altered. The
presence of micro spheres in the fluid was supposed to further increase stiffness;
by removal of the fluid the micro spheres are pressed between the sac and the core
wire. Picture from [2] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

23

3-4 Rigidity control in a catheter was proposed by filling an inner tube (nr. 3) with
fluid; pressing longitudinal rods (nr. 10) against an outer helical spring (nr. 9).
Initially, the longitudinal rods re-organize when the system is bend. Pressing the
rods against the helical spring prevents this, and thus the catheter is rigidified
(source image: [52]) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

23

4-1 The concept of laced cylinders from three view-points. The concept of laced
cylinders consists of four segments: the Variable Rigidity Segment (VRS); the
shaft; the locking system and the handle. The functionality of the laced cylinders
concept is based on the compression of cylindrical structures that are stacked upon
the shaft. Compression of the cylinders is realized by a pull wire that runs on the
inside of the laced cylinders concept. The pull wire is attached to the most distal
cylinder in the VRS and on the proximal side of the handle. By pulling the handle,
the cylinders in the VRS enable an increase in rigidity of the VRS because frictional
forces exiost between the cylinders. Rigidity of the VRS can be maintained by the
locking system. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

30

4-2 The cylindrical structure that is stacked in the variable rigidity segment. The
cylinders consist of a hemispherical convex top surface and a hemispherical concave
bottom surface that allow cylinders to be shoved with respect to one another. The
cylinders consist of holes over their longitudinal axis to allow lacing of the pull wire. 31
4-3 Cross sectional views of the Variable Rigidity Segment (VRS). (a) The variable
rigidity segment consists of 21 cylindrical structures that are stacked upon the
shaft (1.) of the laced cylinders concept. Detail A shows the pull wire (2.) laced
through the cylinders (3.) and attached to the most distal cylinder (4.). (b) The
force equilibrium in the VRS when tension is applied to the pull wire (Ft ) and
a straightening moment (Mcath ) to the distal end of the catheter. The tension
force on the pull wire (Ft ) is counteracted in the attachment point of the pull
wire (Fat . Detail B shows the force equilibrium between two cylinders as a result
from the compression between the cylinders; the normal forces (Fn ) in combination
with the friction coefficient (µ) result in friction forces (Ff ric ) that counteract the
straightening moment (Mcath ) . . . . . . . . . . . . . . . . . . . . . . . . . . .
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4-4 Free body diagram of a cylinder. The cylinder has a diameter D, radius of contact
surface Rc and the center of rotation c. The cylinder is subjected to a compressive
force Fa and a bending moment M . The contact with the bottom cylinder was
assumed to occur at the bottom corners of the cylinder. Under the assumption of
static friction in the contact points, the bending moment is opposed by the friction
forces Ff ric1 = µ Fn1 and Ff ric2 = µ Fn2 . . . . . . . . . . . . . . . . . . . . . .

34

4-5 Relation between the bending moment M per unit of compressive force Fa to the
radius of the contact surface of the cylinders Rc . . . . . . . . . . . . . . . . . .

35

4-6 The maximum width Mw (between point L and R in the figure) of two cylinders
that are mutually shifted over 4.286◦ . The maximum width was determined by
Mw = D + T rbig + T rsmall . With D being the diameter, T rbig the translation up
to the left bottom corner of the upper cylinder and T rsmall the small translation
for the angulation of the upper cylinder . . . . . . . . . . . . . . . . . . . . . .

37

4-7 Cross-sectional view on one cylinder with the essential sizing parameters to determine the height of the contact surface Hc . The contact surface A was indicated
with the red surface. The Hc was determined by calculating the height of the
’total’ hemispherical contact surface Hh and subtracting the height of the top part
of the hemispherical contact surface Ht that was “missing” due to the central hole 38
4-8 Cross-sectional view on two cylinders, from which cylinder 1 is rotated over α with
respect to cylinder 2. A pull wire is laced from cylinder 1 into cylinder 2. Cylinder 2
is rotated over angle α in point c with bending radius Rc . The pull wire originates
at the rotation point c of cylinder one and was fixated at the top of cylinder two.
The rotation α of cylinder two was limited by the diameter of the pull wire and
the size of the central hole. Thus, the central hole is equal to the diameter of the
pull wire, with additional clearance for angulation of the pull wire . . . . . . . .

39

4-9 (a) Shows the cross-sectional view of two cylinders , from which cylinder two is
rotated with respect to cylinder one over angle α. The contact surfaces of the
cylinders have a radius of contact surface Rc that rotates in point c. Through
the central holes of cylinder one and two runs a pull wire that originates along
the wall of cylinder one and is fixated at the top of cylinder two. This situation
was considered to be representative for a maximum bend in the VRS, where the
pull wire has a course along the wall of cylinder one. Ft represents the tensile
force through the pull wire. (b) shows the Free Body Diagram (FBD) that was
constructed on the basis of the two cylinders in figure a. The red line in the
FBD represents the course of the pull wire that engages at the top of cylinder
two. The tensile force Ft was divided in two force components: Fs and Fa . Force
Fs is thereby the shoving force and Fa is the compression force between the two
cylinders. The contact between cylinder one and cylinder two was simplified as one
contact point, which existed in the extension between the center of rotation c and
the point of attachment of the pull wire at the top of cylinder two. The shoving
force Fs is counteracted in the contact point with the frictional force Ff ric . . .

41

4-10 (a) The Free Body Diagram (FBD) of a cylinder with height H that is rotated
over angle α in point c. Rpw represents the radius of the pull wire and Rh is the
radius of the central hole of the bottom cylinder. The red line indicates the working
line of the pull wire that runs along the wall of the bottom cylinder towards the
top-part of the top cylinder where the pull wire is attached. Angle θ represents
the engagement angle of the pull wire, which is divided in two force components;
the shoving force Fs and the compression force Fa . The contact point from the
top cylinder was assumed to be located in a straight line between point c and
the attachment point at the top of the top cylinder. The shoving force Fs is
counteracted in the contact point with the frictional force Ff ric . (b) Sectioning of
the FBD in figure a to relate the radius of the hole Rh ; the radius of the pull wire
Rpw ; the rotation of cylinder two α; the radius of the contact surface Rc and the
height of the cylinders H to the engagement angle of the pull wire α. . . . . . .
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5-1 (a) The demonstrator, which consisted of 50 laced cylinders that formed a Variable
Rigidity Section (VRS) of 35 mm. The cylinders were laced on a 0.15 mm diameter
stainless steel wire (American Iron and Steel Institute grade: 302). The cylinders
were made from brass (CuZn39Pb3, EN number: CW614N) by ‘Bakker Fijnmetaal’
corp. (Son, the Netherlands) (b) A close-up of the laced cylinders . . . . . . . .
5-2 (a) The distal end of the demonstrator. Nr. 1 indicates the primary engagement
tube that is clamped onto the pull wire to enable the compression of cylinders.
Nr. 2 indicates a safety tube to prevent the cylinders from sliding off the pull
wire in the case that the first tube would fail to resist the tensile force exerted
by the pull wire. The most distal cylinder—which is indicated with nr. 3—was
fabricated with a flattened top surface to align with the first engagement tube.
(b) The transition from the cylinders towards the 0.4/0.7 (inner diameter/outer
diameter) base tube. Nr. 5 indicates the base tube, which served as a fulcrum
for the retraction of cylinders and to enable fixation of the demonstrator while
testing. Nr. 4 indicates the most proximal cylinder; the most proximal cylinder
was fabricated with a flattened bottom surface to ensure alignment with the base
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5-3 (a) & (b): The experimental set-up for testing the functionality of the demonstrator. (a): The set-up was mounted on a Zwick Z010 tensile testing machine
(Zwick GmbH & Co. KG, Ulm, Germany) via a metal plate that is indicated by
nr. 1. There were two components attached to the metal plate; an aluminum
block and a pulley system. The aluminum block is indicated with nr. 2 in both
the pictures (a) and (b). The base tube of the demonstrator was glued on the
aluminum block, thus the aluminum block served as a fulcrum for the demonstrator. The base tube of the demonstrator is specified by nr. 3 in photo (b). From
the distal end of the base tube extended the VRS that is indicated with nr. 4 in
photo (b). A 20 gram mini S-beam load cell (Futek, model; LSB200) was used in
this experiment to measure the rigidity of the VRS of the demonstrator, which is
indicated with nr. 5. The load cell was attached to the tensile testing machine,
with a perturbator mounted to the bottom end of the load cell. The perturbator
was indicated with nr. 6. The set up was mounted on the tensile testing machine
such that the perturbator was at a 33 mm length of the VRS (measured from the
base tube of the demonstrator). At the proximal side of the base tube extended
the pull wire, which is specified with nr. 7 in de photo’s (a) & (b). The pull wire
was fed over the pulley system, whereby the horizontal course of the pull wire was
altered into a vertical course to allow the addition of weight to the proximal end
of the pull wire. In photo (a); the pull wire is highlighted in red and the pulley
system is indicated with nr. 8. To allow for the addition of weights to the distal
end of the pull wire, the pull wire was put in a loop. A holder was hung in the
loop that made it possible to add weights and thereby tension the pull wire. The
holder with weights is indicated with nr. 9 in photo (a). . . . . . . . . . . . . . .
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Introduction
Endovascular surgery is a type of minimally invasive surgery where the body is accessed via
the vascular system. For the treatment of aortic aneurysms, endovascular surgery is commonly
preferred. An aortic aneurysm is a permanent pathological dilatation of the aorta, which is
generally caused by lowered elasticity in the aortic wall. The risk of an aneurysm is rupture
that might lead to death by hemorrhage [14]. For the treatment of an aortic aneurysm at the
level of the renal arteries, Fenestrated EndoVascular Aneurysm Repair (FEVAR) is often used
[56, 7]. Renal arteries supply blood-flow to the kidneys. FEVAR involves the placement of an
endovascular prosthesis—also known as; endograft—inside the lumen of the aorta. FEVAR
is depicted in Fig. 1-1.
An endograft consists of a metallic-wired tube, also known as; stent, which is enveloped with a
polyester graft. The stent supports the graft and provides the endograft with a self-expanding
ability to release itself from a catheter [9]. Catheters are flexible tubes with a 1.333-2 mm
diameter and 65-125 cm length [23]. The polyester graft ensures that the endograft is nonpermeable. When the endograft is placed in the aortic aneurysm, the endograft seals the
aortic aneurysm from blood-flow and thus blood-pressure, preventing a potential burst. To
allow blood-flow towards the renal arteries, the endograft has holes (or; fenestrations) in its
fabric. Through the fenestrations in the endograft, small stents are placed in the renal arteries
to fixate the endograft and secure isolation of the pararenal aneurysm from blood-flow [20].
The placement of a small stent in a renal artery is done via a Balloon Expandable Stent
(BES). A BES is a catheter with a balloon and stent mounted to its distal end. A BES from
Cook medical inc. (Bloomington, USA) is shown in Fig. 1-2. Deployment of the stent is
accomplished by inflation of the balloon, which is called; renal artery stenting.
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Figure 1-1: Fenestrated Endovascular Aneurysm Repair (FEVAR); a fenestrated endograft (1.)
is placed in the lumen of the aorta (2.), therewith sparing the aortic aneurysm (3.) from blood
pressure. From fenestrations (4.) in the endograft, small stents (5.) extend in the renal arteries
(6.) to fixate the endograft and secure isolation of the aortic aneurysm from blood-flow and
blood-pressure. Renal arteries supply blood-flow to the kidneys (7.) (source image: [34])

Figure 1-2: Balloon Expandable Stent (BES); a catheter with a balloon (1.) and stent (2.)
mounted to its distal end. Deployment of the stent is enabled by inflation of the balloon (source
image: [35])
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Figure 1-3: Overview of the aneurysmal aortic segment, where the fenestrated endograft (1.)
has been inserted and deployed from a delivery catheter (4.) in the aortic aneurysm (3.). The
delivery catheter was inserted in the vascular system through the femoral– and the iliac artery
at the side were the delivery catheter was introduced (i.e. the ipsilateral side) (5.). When the
fenestrations are in line with the renal arteries (2.), the floppy guide wire (7.), catheter (8.) and
introducer sheath (9.) are advanced via the contralateral femoral and iliac artery (10.) towards
the renal arteries. The illustration was adapted from: [33]

Master of Science Thesis

S.B. Knippenberg

4

Introduction

1-1

Renal artery stenting; procedural steps and difficulties

Fig. 1-3 depicts an aortic segment with materials and anatomical parts highlighted that are
essential in renal artery stenting.
1. Endovascular access is obtained to the femoral artery opposite to where the fenestrated endograft was inserted (i.e. contralateral). Therefore, the contralateral femoral
artery is punctured with a beveled needle, which allows a floppy (i.e. flexible) guide
wire to be introduced in the femoral artery. Guide wires for endovascular interventions
are metallic wires, 0.889 mm in diameter and 260-300 cm in length. Fig. 1-4a shows
a floppy guide wire being pushed through a beveled needle inside a femoral artery. To
minimize trauma to the femoral artery during the insertion of catheters, an introducer
sheath is used that consists of an outer sleeve and a tapered inner tube (Fig. 1-4b). The
tapered inner tube is called an internal obturator, which allows the introducer sheath to
be shoved over a guide wire into the vascular system. Thereafter, the internal obturator
is exchanged for a catheter, leaving the outer sleeve of the introducer sheath and the
guide wire in the femoral artery.
2. The floppy guide wire and the catheter are advanced from the femoral artery towards the renal artery.
3. The floppy guide wire is pushed inside the renal artery to a depth of approximately
8 cm (dr. H. van Overhagen 2013, interventional radiologist, HAGA hospital, personal
information). Fig. 1-5a depicts a renal artery that is cannulated with a floppy guide
wire. Advancement of a guide wire into a renal artery is enabled by a catheter of which
the distal end is at a similar angle as the renal artery take-off angle (θ in Fig. 1-5a).
The renal artery take-off angle is the angle between the renal artery and the infrarenal
aorta.

(a) Endovascular access

(b) Introducer sheath

Figure 1-4: (a) A guide wire (1.) is pushed through the lumen of a beveled needle (2.) to access
the femoral artery (3.) (source image: [44]). (b) An introducer sheath consists of an outer sleeve
(4.) that is indicated in black and an internal obturator (5.) that is indicated in grey (source
image: [38])
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Coghlan et al. (2013) indicated the following difficulty with pushing a guide wire
through the lumen of a catheter inside a renal artery: When renal artery take-off angles
become smaller, it takes more force to push a guide wire through a catheter into a renal
artery. One in eight patients has a renal artery take-off angle less than 50◦ , which is
prone to cause proximal deflection of guide wires and catheters [10, 19].
4. The catheter is shoved over the floppy guide wire into the renal artery, which is
also known as; catheterisation [30]. Fig. 1-5b depicts catheterisation of a left renal
artery.
Bicknell et al. 2008 indicated the following difficulty with catheterisation: The catheter
and the guide wire can deflect out of the renal artery in direction of the heart (i.e.
proximal), up to the point were the catheter and guide wire are retracted from the
renal artery. Thereafter, new attempts should be made to access the renal artery with
the catheter and the guide wire. Deflection of a catheter and guide wire in proximal
direction is depicted in Fig. 1-5c.
5. The floppy guide wire is exchanged for a stiffer guide wire that enables advancement of introducer sheaths and BESs inside the renal artery. Fig. 1-6c depicts a floppy
guide wire that is exchanged for a stiffer guide wire.
6. The introducer sheath is advanced over the catheter and placed in the renal artery
to facilitate advancement of the BES. Then, the catheter is retracted from the vascular
system and exchanged for a BES. Fig. 1-7a depicts an introducer sheath that has been
placed in the orifice of a left renal artery to facilitate a BES. The catheter is retracted
from the left renal artery.
7. A BES is shoved over the stiff guide wire through the lumen of the introducer sheath
and inserted in the left renal artery (Fig. 1-7b).
8. The stent is deployed by inflation of the balloon that is mounted to the distal end of
the BES [37].
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(a) Renal artery cannulation

(b) Renal artery catheterization

(c)
Figure 1-5: (a) A floppy guide wire (1.) is pushed through a catheter (2.) and cannulated in the
left renal artery (3.) to a depth of approximately 8 cm. θ indicates the renal artery take-off angle
between the renal artery and the infrarenal aorta. (b) Catheterisation of the left renal artery.
(c) Deflection of a catheter and a floppy guide wire in direction of the heart (i.e. proximal); the
catheter does not engage the renal artery but is retracted from the renal artery while the catheter
is pushed to achieve catheterisation. The guide wire is retracted along with the catheter from the
renal artery. The illustrations were adapted from: [33]
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(a)

(b)
(c) (a) The floppy guide wire (1.) is retracted from the catheter (2.), (b) and exchanged for a stiffer guide
wire (3.). The illustrations were adapted from: [33]

(a)

(b)
Figure 1-7: (a) The catheter (1.) is retracted from the left renal artery to enable advancement
of a Balloon Expandable Stent (BES) (2.). (b) The BES is shoved over the stiff guide wire (3.)
through the introducer sheath (4.) and inserted into the left renal artery. The illustrations were
adapted from: [33]
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1-2

Risks of catheterisation

Aortic aneurysms are associated with atherosclerotic plaque along the aortic wall and renal
orifices. When a guide wire is advanced through an atherosclerotic plaque, the plaque detaches
from the arterial wall and migrates with the bloodstream (i.e. embolization). Embolization
might lead to occlusion of the renal artery and eventually loss of the kidney. To reduce embolization, superfluous contact of guide wires, catheters and introducer sheaths with vascular
walls should be minimized. The arterial wall consists of three layers: the endothelial layer,
the muscular layer and the adventitial layer. Re-attempted catheterisation increases the risk
that a guide wire is passed through the space between the muscular and the adventitial layer
(i.e. subintimal space), which is called subintimal dissection [1]. Subintimal dissection occurs in up to 18% of renal artery stenting attempts. A dangerous situation can occur when
subintimal dissection remains unnoticed with the advancement of a BES (Fig. 1-8). When
passed through the subintimal arterial layer, inflation of the balloon to expand the stent can
result in occlusion and potentially kidney loss; or perforation of the vessel with a hemorrhage
as a result [5]. Additionally, prolonged catheterisation increases the time of intervention and
fluoroscopy. Fluoroscopy involves radiation exposure to the patient and the operation-staff,
which should be minimized [46, 18].

Figure 1-8: A Balloon Expandable Stent (BES) is advanced over a guide wire through the
subintimal layer of an artery (scource image: [32])
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Force equilibrium of catheterisation
Free body diagram

To determine causes for proximal aortic deflection of guide wires and catheters, a force equilibrium of catheterisation was made. Therefore, a Free Body Diagram (FBD) was drawn of a
frequently used VanSchie 4 catheter (Cook corp., Bloomingdale, IN, USA) and a Radifocus
guide wire (Terumo Corp., Tokyo, Japan) in an aortic segment. The FBD is depicted in
Fig. 1-9 (the fenestrated endograft is omitted). The renal artery take-off angle in the aortic
segment is ±90◦ , which was also used as the base anatomy by Coghlan et al. (2013).

Figure 1-9: Free Body Diagram (FBD) of a VanSchie catheter (Cook corp., Bloomingdale, IN,
USA) and a Radifocus guide wire (Terumo Corp., Tokyo, Japan) in an aortic segment. The
VanSchie catheter was placed in the orifice of the left renal artery and the Radifocus guide wire
was cannulated inside the renal artery up to 8 cm. Because the Radifocus guide wire protrudes the
tip of the catheter ± 8 cm, the guide wire-catheter combination straightens and exerts a bending
moment (Mguide wire ) on the left renal artery. The VanSchie catheter was pushed by Fcatheter push
whilst the guide wire was fixated proximally. The left renal artery counteracts Mguide wire and
Fcatheter push with Ff ric. artery (nr. 1) and Fnormal artery (nr 2). The illustrations were adapted
from: [33])
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The FBD resembles a pre-catheterized situation; the VanSchie catheter was placed with its
distal end in the (left) renal artery and the Radifocus guide wire was cannulated inside the
renal artery up to 8 cm. A preliminary experiment in a silicone aortic model (Appendix
A), revealed that the distal curved sections of catheters straighten during cannulation with
guide wires. In a follow-up experiment (Appendix B), was measured that a VanSchie catheter
straightens from 90◦ to 120◦ − 125◦ when cannulated by a Radifocus guide wire up to ±8
cm. In the case of the FBD in Fig. 1-9 (±90◦ renal artery take-off angle), the VanSchie
catheter would straighten, but would be obstructed from straightening when encountering
the endothelium of the renal artery. The bending moment (Mguide wire ) from the Radifocus
guide wire, is counteracted in the contact point between the catheter and the endothelium of
the left renal artery with a friction force (Ff ric. artery ) and a normal force (Fnormal artery ).
The friction between the VanSchie catheter and the endothelium of the renal artery is a
combination of three components: first, adhesion between contacting asperities; second, deformation of asperities during relative motion and third, viscous fluid film shearing action [45].
At a small scale, the catheter surface and the endothelium consists of asperities. The contact
between the catheter and the endothelium therefore takes place between the peaks of these
asperities. In the contact points of asperity peaks, bonding exists due to adhesion caused
by physical (i.e. shape locking) and/or chemical interaction (e.g. intermolecular forces) [50].
When the catheter is moved with respect to the endothelium, energy dissipation takes place
because adhesion bonds between asperities are sheared off and asperities deform.
For catheterisation, the VanSchie catheter is pushed (Fcatheter push ) whilst the Radifocus guide
wire is fixated at its proximal end.

1-3-2

Force equilibrium

Fig. 1-10 depicts interrelated forces between the VanSchie catheter, the Radifocus guide wire
and the renal artery as a result from the advancement of the VanSchie catheter (Fcatheter push
in Fig. 1-9). It was assumed that the Radifocus guide wire was in full contact with the distal
curved section of the VanSchie catheter. Due to the advancement of the VanSchie catheter,
a distributed load (Qcatheter ) is effective perpendicular to the Radifocus guide wire. Detail A
illustrates the interrelated forces on a section of the Radifocus guide wire. The distributed
load (Qcatheter ) effectuates a bending moment over the length of the section of the guide wire
that is counteracted by bending stiffness EI in the Radifocus guide wire according to the
bending moment equation [22]:

M=

EI
ρ

(1-1)

With ρ being the radius of curvature. When the bending stiffness of the Radifocus guide wire is
insufficient to withstand the distributed load (Qcatheter ), the guide wire-catheter combination
will bend in direction of the heart. Next to a sufficient bending stiffness of the Radifocus
guide wire, the catheterisation force (Fcatheterisation ) needs to be larger than the accumulative
frictional forces of the VanSchie catheter with the Radifocus guide wire
(Mf ric. catheter ) and the renal artery (Ff ric. artery ). The straightening moment of the guide
wire (Mguide wire ) on the endothelium of the renal artery increases the frictional force
S.B. Knippenberg
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(Ff ric. guide wire ) that counteracts catheterisation [45]. The straightening moment of the guide
wire though, is inherent to the bending stiffness of the guide wire.
Guide wire advancement into a renal artery
According to eq. 1-1, the straightening moment of a guide wire increases when the guide wire
is bend with a smaller radius of curvature. Thus, when catheters are picked with smaller distal curved sections to adapt to smaller renal artery take-off angles, the straightening moment
of the guide wire increases with an increase of frictional forces accordingly. Endorenal cannulation of a guide wire is dependent on a sufficiently stiff catheter to withstand the bending
moment effectuated by the advancement forces of the guide wire.

Figure 1-10: Force equilibrium between the Radifocus guide wire, the VanSchie catheter and the
(left) renal artery. It was assumed that the Radifocus guide wire is in full contact with the distal
curved section of the VanSchie catheter. Due to the advancement of the VanSchie catheter, a
distributed load (Qcatheter ) is effective perpendicular to the Radifocus guide wire. Detail A shows
a section of the Radifocus guide wire. The distributed load (3 : Qcatheter ) effectuates a bending
moment over the length of the section of the guide wire that is counteracted by bending stiffness
EI in the Radifocus guide wire. The catheterisation force (4 : Fcatheterisation ) is opposed by
friction from the guide wire (5 : Ff ric. guide wire ) and friction from the endothelium of the renal
artery (1 : Ff ric. artery . The straightening moment from the guide wire (7 : Mguide wire ) on the
endothelium of the renal artery increases the frictional force (1 : Ff ric. artery ). The image was
adapted from: [33])
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1-4

Problem statements

Proximal aortic deflection of guide wires and catheters during catheterisation, could be caused
by a bending-stiffness ratio between the distal curved section of a catheter and a guide wire
wherein the catheter is too soft and/or the guide wire is too stiff. As a result, the distal
curved section of a catheter straightens when a guide wire is pushed through the lumen of
the catheter, causing the following problems:
1. As the distal curved section of the catheter does not preserve its shape during the
cannulation of guide wires, placement of a guide wire in a renal artery is reliant on
preservation of the tip of the catheter in the renal artery and thus the contact between
the catheter and the renal artery. The contact between the catheter and the renal artery
was considered difficult to anticipate, thus the success of renal artery cannulation is on
forehand uncertain.
2. Straightening of the guide wire-catheter combination hampers catheterisation as it increases frictional forces from the catheter and/or guide wire with the renal artery.
3. As a result from the increased frictional forces between the catheter and the renal
artery, the catheter has to be pushed harder to overcome the frictional forces. The
added distributed load caused by the advancement of the catheter requires more bending
stiffness of the guide wire to compensate.
The distal curved section of the catheter itself might cause a predicament during the exchange
of guide wires. When catheterised, the distal end of the catheter is placed in the renal artery
up to 8 cm, where after the floppy guide wire is exchanged for a stiffer guide wire. Upon
removal of the floppy guide wire though, the distal section of the catheter bends back to
its original shape inside the lumen of the renal artery. The re-bending catheter shall exert
pressure to the endothelium of the renal artery, which might lead to embolization.

1-5
1-5-1

Solution & Project goals
Solution

A solution for the pre-discussed problems could be offered by a guide wire that comprises of
a distal segment, from which its rigidity could be controlled and varied: A Variable Rigidity
Guide Wire (VRGW) that encompasses a Variable Rigidity Segment (VRS).
The rigidity of the VRS should be variable between a low rigidity mode and a high rigidity
mode. The low rigidity mode of the VRS should not inflict straightening of the distal curved
section of a catheter when being pushed trough. Fig. 1-11a displays a concept version of the
VRGW, whereby the VRS is put in low rigidity mode and the VRGW is pushed through a
catheter into a renal artery. When the VRGW is placed successfully in the renal artery, the
high rigidity mode of the VRS should be activated that eliminates the need for an exchange
with a stiffer guide wire. Therefore, bending of distal curved sections of catheters due to
the advancement of stiff guide wires is prevented. When retracting the catheter, the high
rigidity mode of the VRS should force the catheter to adjust to the trajectory of the VRGW,
S.B. Knippenberg
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leaving the VRGW-ers’ position in the renal artery intact. Consequently, sheaths and balloon
expandable stents (BESs) could be advanced for stenting. Fig. 1-11b displays a BES that is
pushed over the VRGW whilst the high rigidity mode is activated (the introducer sheath is
omitted in Fig. 1-11b).

1-5-2

Project goals

This project was dedicated to taking a first step in the development of a VRGW. Therefore,
the first goal was set to be:
1. Develop a variable rigidity guide wire that comprises of a variable rigidity
segment
The variable rigidity guide wire should—as the name suggests—exhibit variable rigidity properties. However, it was not the goal to develop a VRGW that is fully suitable for endovascular
use at this early stage of development.
The VRGW should enable the user to control the rigidity in the variable rigidity segment.
Whereby control over rigidity was considered to encompass receiving feedback on rigidity and
the ability to manipulate the rigidity. Therefore, the second goal was set to be:
2. Establish rigidity control over the variable rigidity segment
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(a)

(b)
(c) (a) The Variable Rigidity Guide Wire (VRGW); a guide wire with a Variable Rigidity Segment (VRS)
integrated in the distal end (indicated in green). When the variable rigidity segment is put in low rigidity
mode it should allow cannulation of a curved distal section of a catheter without inflicting straightening
of the catheter. (b) When the variable rigidity segment is put in high rigidity mode (indicated in red), it
should be rigid enough to allow a BES being pushed over the variable rigidity guide wire into a renal artery.
The images were adapted from: [33])

S.B. Knippenberg

Master of Science Thesis

Chapter

2

Requirements
2-1

Method

A requirements specification was compiled for the development of a Variable Rigidity Guide
Wire (VRGW) that comprises of a Variable Rigidity Segment (VRS). Additionally, the rigidity
in the VRS should be controllable.

2-1-1

Phase 1: Determination of the rigidity modes

To choose the rigidity modes for the VRS, the bending stiffness of five commonly used 0.889
mm guide wires was experimentally determined. The experiment on the bending stiffness of
five guide wires was added in Appendix. C.
The conclusion was that the rigidity of the VRS should have a low rigidity mode of 5 GPa
and a high rigidity mode of 120 GPa.

2-1-2

Phase 2: Deduction of functional requirements

Composition of the requirements specification was done with the exploration of the main
function for the VRGW: Control rigidity in a variable rigidity segment. The exploration of
functional requirements was helped with the Functional Analysis System Technique (FAST).
The FAST-technique was applied as followed [53].
From the main function, sub-functions were derived by answering the following question: ’How
is this function to be met?’ In the text below, the ’How is this function to be met?’-question
was abbreviated as; the ‘How?’-question. The answer to the ’How?’-question provided two
sub-functions from the main function: Rigidity manipulation and Rigidity feedback. The
deduction of sub-functions from the main function is shown in Fig. 2-1.
By continuing to ask the ’How?’-question to the sub-functions; Rigidity manipulation and
Rigidity feedback, the elemental sub-functions on the right side of Fig. 2-1 were compiled.
The elemental sub-functions were the sub-functions on the lowest level. The elemental subfunctions were not deducted further into sub-functions because the elemental sub-functions
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Figure 2-1: The diagram presents the derivation of sub-functions from the main function for
the VRGW: Control rigidity in a variable rigidity segment. This function deduction was done to
derive functional requirements for the listing of a requirements specification. The deduction of
sub-functions was helped by application of the Functional Analysis System Technique (FAST),
which was carried out in the following manner. From the main function, the sub-functions
Rigidity manipulation and Rigidity feedback were deducted by answering the question: ’How is
this function to be met?’ (a.k.a; the ’How?’-question). By continuing to ask the ’How?’-question
to the sub-functions; Rigidity manipulation and Rigidity feedback, the elemental sub-functions
on the right side of the diagram were compiled. The elemental sub-functions were the subfunctions on the lowest level. By moving from right-to-left in the diagram, the following question
is applicable: ’Why is this function to be met?’, which was used to determine whether a subfunction was logically derived. From the elemental sub-functions, functional requirements were
derived by asking questions such as: How much?; how fast?; how soon?; how long? [53, 49].

would then start to provide solutions, which was not the aim in this phase of the project [49].
By moving from right-to-left in Fig. 2-1, the following question is applicable: ’Why is this
function to be met?’. This ’Why’-question was used to determine whether a sub-function was
logically derived. From the elemental sub-functions, functional requirements were derived by
asking questions such as: How much?; how fast?; how soon?; how long?

2-1-3

Phase 3: Deduction of regulatory requirements

In addition to the functional requirements, regulatory requirements were compiled by checking relevant regulatory directories. The first regulatory directory that was checked was the
Medical Device Directive MDD 93/42/EEC. In MDD 93/42/EEC, an essential list of requirements was stated in Annex I, which had to be met according to article 3. From MDD
93/42/EEC, three general requirements were added to the requirements specification concerning a performance and risk trade-off. Other than those, no requirements were added from
MDD 93/42/EEC since those were considered too specific for this initial stage in the development of a VRGW. Besides MDD 93/42/EEC, ISO 11070 was consulted, which is a specific
ISO standard for sterile single-use intravascular catheter introducers. The requirements deducted from ISO 11070 were concerning sizing, geometry and kinematics of the VRGW and
were integrated in the requirements specification.
S.B. Knippenberg
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Phase 4: Structuring and completing requirements via a requirements
checklist

The requirements checklist was developed to help designers compile a complete and concise
requirements specification [49]. The requirements checklist contains 35 categories that are put
together from a typical life cycle of a product and general requirement areas for products. The
categories of the requirements checklist are depicted in the matrix of Fig. 2-2. The seven rows
in the matrix represent the life-cycle of a product and the five columns encompass requirement
areas. The categories coincide with the main headings of the requirements checklist, which
are divided into several sub-headings that should be checked to formulate a corresponding
requirement.
Structuring and completing the requirements specification was started by picking applicable
categories from the matrix for development of the VRGW. First; to ensure that no functional
requirements were missed, the category ’Operation Performance’ was checked. Second; to
ensure that regulatory directories on safety were followed correctly; the category ’Operation
Safety’ was added. Third; to enable manufacturing of a VRGW, the category ’Manufacturing Process’ was considered applicable. To prevent the addition of requirements with minor
importance, no other categories were used. There was checked for requirements within the
categories ’Operation Performance’, Operation Safety’ and ’Manufacturing Process’ in the
requirements checklist, which was added in Appendix D. The relevant headings in the requirements checklist correspond to the headings in the requirements specification (apart from
the sub-heading; Rigidity control). The requirements specification was added in the following
section; sec. 2-2.

Figure 2-2: The matrix comprises of the main categories/headings of the requirements checklist. The 35 categories were a combination of seven rows that represented the life-cycle of a
product and five columns that encompass requirement areas. The following categories were considered applicable for the development of a VRGW: ’Operation Performance’; ’Operation Safety’;
’Manufactoring Process’. The applicable categories were outlined in red in the matrix [49]
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2-2

Requirements

Requirements specification

Requirements
OPERATIONAL PERFORMANCE
Physical characteristics
Geometry
Diameter/breadth: ≤ 0.889 mm
Length: 280 cm
Attainable bending radius (transverse axis): <9.345 mm
Sections
Shall contain a Variable Rigidity Segment in its distal 270-280 cm
Shall contain a manipulator for controlling the VRS in its proximal 0-5 cm
Shall contain a display for the rigidity mode in its proximal 0-5 cm
Forces
Bending stiffness 5-270 cm: 150 (Nmm2 )
The VRS shall be 5 GPa in low rigidity mode
The VRS shall be 120 GPa in high rigidity mode
Performance parameters
Kinematics
Enables omnidirectional bending over the transverse axis (snake-like)
Rigidity control
Enables transferring energy from a manipulator, towards the VRS
Energy insertion shall effectuate a rigidity change in the VRS
Energy withdrawal shall effectuate a rigidity change in the VRS
A constant energy effectuates a constant rigidity in the VRS (over time)
A rigidity change shall not inflict movement
A rigidity change shall be possible independent of the configuration
A rigidity change shall be uniform in the VRS
A rigidity change shall be effective immediately
A rigidity change shall be possible >3 times in sequence
The rigidity mode shall be extracted from the VRS
The rigidity mode shall be transferred towards the display
The rigidity mode shall be displayed
User interface
Man-machine relationship
Enables the insertion and withdrawal of energy via a manipulator
Clarity of interface
The display of the rigidity mode shall not be interpretative

Source

ISO 11070
ISO 11070
ISO 11070
Chapter 1 - Introduction & Function analysis
Function analysis
Function analysis
Chapter 1 - Introduction & Appendix C
Chapter 1 - Introduction & Appendix C
Chapter 1 - Introduction & Appendix C

ISO 11070
Function
Function
Function
Function
Function
Function
Function
Function
Function
Function
Function
Function

analysis
analysis
analysis
analysis
analysis
analysis
analysis
analysis
analysis
analysis
analysis
analysis

Function analysis
ISO 2014971; appendix C.2.12

OPERATIONAL SAFETY
The performances shall not be adversely affected during use
No leaking of unwanted outputs of energy or substances
Undesirable side-effects must constitute an acceptable risk
The design and construction shall be inherently safe

ER 4. MDD 93/42/EEC
ISO 2014971; appendix C.2.14
ER 6. MDD 93/42/EEC
ER 1,2. & 9.2 & 9.3 MDD 93/42/EEC

MANUFACTURING PROCESS
Readily producible

Requirements checklist
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Literature study on variable rigidity
mechanisms
3-1

Method

To find applicable variable rigidity mechanisms, a literature and patent search was conducted
with the online database service ‘STN’ (www.STN.com). With STN, multiple medical and
mechanical (sub-)databases were integrated in the literature and patent search. The sub
databases, search terms and the number of hits were added in Appendix E.

3-2

Results

The variable rigidity methods were differentiated in two concept-classes similar to [26]: First,
rigidization of material inside a segment by an external form of energy; second, fixation of
structures in a segment whiteout altering material properties.

3-2-1

Material stiffening

Phase change materials
With Phase Change Materials (PCMs), different physical properties—such as the modulus
of elasticity—can be reversibly altered. Physical properties can be reversibly altered because
PCMs can exist in an amorphous phase and in one or more semi crystalline phases [17].
Thermoplastic polymers and bi-metallic compounds were proposed by [47, 21, 36, 25] to
vary rigidity by adjusting the temperature—so; temperature is the driving energy. Above
a glass transition temperature Tg , thermoplastic polymers are soft, or; in the case of bimetallic compounds, melted. When the bi-metallic compounds or thermoplastic polymers
are cooled past the glass transition temperature Tg , polymers and bi-metallic compounds
become instantly rigid [27]. The guide wire would need the following modifications to enable
variable rigidity via thermoplastic polymers or bi-metallic compounds.
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• A thermoplastic polymer or a bi-metallic compound encased in a distal segment of the
guide wire
• A connection fitting; to connect a pump that supplies the heat-carrying fluids
• At least one canal that is led from the connection fitting; trough the shaft of the guide
wire; trough or around the distal segment for the supply and withdrawal of heat-carrying
fluids
• Isolation from heating of the blood-stream
Thermoplastic polymers or bi-metallic compounds were not considered applicable for a VRGW
for the following reasons. Pumping heat-carrying fluids through a canal would cause straightening of the guide wire. Concerning fabrication; there is limited space to insulate the distal
segment and provide the distal segment with a canal. Upon insertion of the guide wire in
the vascular system, the distal segment should be soft by default to ensure safe removal
of the guide wire when the heating source would fail to function. Given the fact that an
operating room is between 20 ◦ C and 22 ◦ C,[55] the glass transition temperature Tg of the
thermoplastic polymers or bi-metallic compounds should be below 20 ◦ C. It was considered
doubtful whether the thermoplastic polymers or bi-metallic compounds could be cooled down
from ±37 ◦ C below 20 ◦ C to effectuate a rigidity change under the continuous heating of the
blood-stream.

Visco-elastic polymers rigidify under the impact of a force or vibration and soften in the
absence of such force [16]. To realize variable rigidity through a visco-elastic polymer in a
guide wire, the visco-elastic polymer would have to be encased in a distal segment in the
guide wire. Thereafter, a vibration would have to be effected at the distal segment. A part
from the feasibility of visco-elastic polymers; vibration of a guide wire that is positioned in
a renal artery was not considered safe. Vibration of a guide wire within a renal artery could
impair its endothelium and adjust the position of—or damage—the fenestrated endograft.

Electrorheological fluids contain fine, non-isolating particles. When electrorheological fluids
are exposed to electricity, the viscosity increases by the formation of columns of the particles
along the direction of the applied electric field [54]. Olson (2013) et al. proposed to fill
cavities of a guide wire with electrorheological fluids, to achieve an increase in rigidity [40].
Olson (2013) et al. stated that on application of 5000 V/mm at 2-15 mA/cm2 , the yielding
strength of electrorheological fluids turns within milliseconds from 0-5 kPa. Therefore, the
guide wire would need to enable attachment to a power source and should enable conductivity
to expose the electrorheological fluids to an electric field. Electrorheological fluids were not
considered applicable for a VRGW since a rigidity change of 0-5 kPa is not sufficient. Besides
the insufficient rigidity, the electric potential of 5000 V/mm at a current of 2-15 mA/cm2
exceeds the safety limit of 0,01 mA for minimally invasive devices to prevent microshocks.
Microshocks are electrical shocks that can occur via conductive paths to the heart [41].
Magnetorheological fluids are similar to electrorheological fluids, but activated by magnetism.
With an estimated rigidity of 100 kPa these also did not suffice [26].
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Curable materials were proposed to achieve rigidity increase of catheters [43]. With curing,
a thermo-setting polymer could be hardened by heat, chemical reaction or irradiation [31].
Unfortunately, curing is not directly reversible and thus not suitable for embodiment in a
VRGW.

3-2-2

Structural stiffening

A string of beads was proposed to control rigidity by having the beads compressed against
each other, therewith adjusting the friction force between the beads [2]. The string of beads
is shown in Fig. 3-1. To manipulate the compression—and therewith the friction force—
between the beads, the distal bead is fixated on the wire and the proximal bead is adjacent
by a threaded segment on which a knob is attached. Initially, the beads can hinge relative to
each other, allowing the string of beads to be straight (Fig. 3-1 a) or bend (Fig. 3-1 b). By
twisting the knob, segment 303 is screw-threaded against the beads. Doing so, the beads are
compressed, rigidifying the laced beads in a desired configuration. Assuming that the friction
force between the laced beads is high to prevent individual beads from slipping relative to
each other under a forced load; the beads will behave as a single segment. Feasibility of
structural stiffening by a string of beads would require optimization of the beads to enable
rigidity control.
Vacuum-wrapping particles was proposed to control rigidity in endoscopes by wrapping
bulk of small particles in a foil tube that is sealed at the tip [29]. The mechanism of vacuumwrapping particles is depicted in (Fig. 3-2). Initially, the pressure inside and outside the
tube are similar, allowing particles to move freely along each other and the structure to

Figure 3-1: The beads-concept allows rigidity control by adjusting compression between a string
of beads (nr. 109) [2]. Initially, the beads can hinge with respect to each other, allowing the
string of beads to be straight (a) or bend (b). By twisting the knob (nr. 305) on the proximal
side, segment 303 is advanced over a screw-threaded wire (nr. 307) against the beads. Doing so,
the beads are compressed against one another, rigidifying the string of beads in any configuration.
Picture from [2]
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Figure 3-2: Rigidity control by wrapping a bulk of small particles in an airtight foil tube. (a)
Initially the pressure inside and outside the tube are the same; allowing the particles to move
freely along each other and the structure to be bend. (b) A vacuum pump is attached to the
proximal side to lower the internal pressure. Doing this, the foil tube is wrapped around the
particles, compressing them and rigidifying the bulk of particles. Picture from [29]

be bend (Fig. 3-2a). A vacuum pump is attached to the proximal side of the foil tube
to lower the pressure inside the tube. By lowering the pressure inside the tube, the foil
tube is wrapped around the particles; compressing and stiffening the structure. Application
of vacuum-wrapping particles in a guide wire would require additional studies on particle
characteristics. Aspects of studies would be controlling particle geometry and producing
particles small enough («0.899 mm) to fit in a guide wire [? ]. Next to that, (de-)compression
of particles by means of air alters the buoyancy of the guide wire, which causes the guide wire
to move.
Vacuum-wrapping a sac around a wire was suggested as a method to control rigidity [2].
Vacuum-wrapping is depicted in Fig. 3-3 and it consists of a flexible core wire (nr. 101)
within a sac (nr. 501) that is filled with a fluid. By removal of the fluid from within the sac
with a suction device, the sac collapses around the core wire. Thus, by addition or removal
of a fluid the rigidity could be altered. The presence of micro spheres (nr. 509) in the fluid
was supposed to further increase the rigidity; by removal of the fluid, the micro spheres are
pressed between the sleeve and the core wire. Variability of rigidity in this concept is based
on addition or removal of a layer that is formed by the micro spheres. The achieved rigidity
variation would not be sufficient due to the inherent flexible nature of the sac and the core
wire. Next to that, insertion or removal of fluids would cause the guide wire to move.
Pressurization of an inner tube against a series of longitudinal rods was proposed to rigidify
a catheter [52]. A transverse and axial section view of such a pressurization mechanism
are shown in Fig. 5-2. By pumping fluid into the tube, its diameter increases; pressing
longitudinal rods against an outer helical spring. Initially, the longitudinal rods re-organize
when the catheter is bend. Pressing the rods against the helical spring prevents re-organisation
and thus the catheter is rigidified. It has been shown that such a mechanism leads to an
increase in stiffness without causing movement [28]. This concept has the potential to be
manufactured from cheap parts that are easily scaled. However, optimization and margins
of parts are crucial to enable functionality, which was considered difficult within the limited
space of the guide wire.
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Figure 3-3: A system to control rigidity of a guide wire comprises a core wire (nr. 101), which
is enveloped by a sac (nr. 501) containing a fluid with micro spheres (nr. 509). By addition or
removal of the fluid the stiffness of the system can be altered. The presence of micro spheres in
the fluid was supposed to further increase stiffness; by removal of the fluid the micro spheres are
pressed between the sac and the core wire. Picture from [2]

(a) Transverse view

(b) Axial view

Figure 3-4: Rigidity control in a catheter was proposed by filling an inner tube (nr. 3) with fluid;
pressing longitudinal rods (nr. 10) against an outer helical spring (nr. 9). Initially, the longitudinal
rods re-organize when the system is bend. Pressing the rods against the helical spring prevents
this, and thus the catheter is rigidified (source image: [52])
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Evaluation of mechanisms

The variable rigidity mechanisms were evaluated on the requirements specification from Sec.
2-2 in Table. 3-1. The variable rigidity mechanism of the Laced Beads-concept was considered
the most favorable for the following reasons.
The most apparent advantage of the laced beads-concept with respect to the other mechanisms
was that the laced beads-concept had the potential to exhibit variable rigidity properties. As
opposed to other ’variable rigidity mechanisms’ that could not be stiffened without movement.
The application of electrorheological fluids was an alternative with variable rigidity properties
but lacked in magnitude of rigidity and was considered not to be the safest option. In
contrast to the other methods, the Laced Beads-concept had the potential to be developed
with a high rigidity mode. This high rigidity potential was based on the fact that bending
of the laced beads-concept functioned on shoving individual rigid structures mutually and
not due to elastic properties of material. Thus, if the structures were to be picked with a
high elastic modulus E (N/mm2 ) and collectively compressed into one segment, the rigidity
of the individual structures would coincide with the rigidity of the segment. Though, the
prerequisite of having a coincident rigidity in the segment as a whole, was that the frictional
forces between the individual structures needed to be sufficient. It was desired to prevent
the necessity of an external power source to effectuate variation of rigidity in the VRS to
enable tactile sensing of the operator during manipulation. Hence, the design-direction was
delineated to the following: Control & vary rigidity in a distal segment of a guide wire by the
compression of structures via human power.
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Thermoplastic polymers & bi-metallic compounds

Viscoelastic polymer

Electrorheological fluids

Laced beads

Vacuumed particles

Vacuumed wire

Pressurized tube

Rigidization method

The VRS shall be 5 GPa in low rigidity mode

?

?

-

?

?

?

?

The VRS shall be 120 GPa in high rigidity mode

?

?

-

?

?

-

?

Enables transferring energy from the manipulator, towards the VRS

?

?

+

+

+

+

+

Energy insertion shall effectuate a rigidity change in the VRS

?

?

+

+

?

?

?

Energy withdrawal shall effectuate a rigidity change in the VRS

?

?

+

+

?

?

?

A constant energy effectuates a constant rigidity in the VRS (over time)

?

?

+

+

+

?

?

A rigidity change shall not inflict movement

-

-

+

?

-

-

-

A rigidity change shall be possible independent of the configuration

-

?

+

?

?

?

?

A rigidity change shall be uniform in the VRS

-

+

?

?

?

?

?

A rigidity change shall be effective immediately

-

?

+

-

?

?

?

A rigidity change shall be possible >3 times in sequence

-

+

+

?

?

?

?

The performances shall not be adversely affected during use

?

?

?

?

?

?

?

No leaking of unwanted outputs of energy or substances

-

?

?

+

-

-

-

Undesirable side-effects must constitute an acceptable risk

-

-

-

?

-

-

-

The design and construction shall be inherently safe

-

-

-

?

?

-

-

-

?

+

?

-

-

+

OPERATIONAL PERFORMANCE
Physical characteristics
Geometry

Requirements

Rigidity control

OPERATIONAL SAFETY

MANUFACTURING PROCESS
Readily producible

Table 3-1: Evaluation of variable rigidity mechanisms
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4

Design of the laced cylinders concept
4-1
4-1-1

Conceptualisation
From requirements to solutions

A concept was designed as a VRGW that was called; the laced cylinders concept. In the design
of this concept, the decision was made to focus on the establishment of variable rigidity in a
segment of the laced cylinders concept and the manipulation thereof. This was done to keep
the design manageable. The design however, lacked focus on creating feedback for the user
on the rigidity, though feedback was considered a viable aspect of rigidity control.
The requirements that were regarded essential for embodiment and manipulation of a variable
rigidity segment in a VRGW were selected from the requirements specification (page 18) from
under the sub-headings; Geometry, Kinematics, Rigidity control and Man-machine relationship. The requirements were adapted to the design-direction that was chosen in Chapter 3 by
reformulation into sub-functions, from which solutions could be made. Thereafter, solutions
were compiled in a morphological matrix for each of the sub-functions. The re-formulation
from requirements to sub-functions is listed below (nrs. 1-7). Solutions for the seventh subfunction; maintain compression, were added in Appendix G. This design method was based
on [42].
1. Enables omnidirectional bending (snake-like) → Shove structures omnidirectional with
respect to each other
2. Attainable bending radius (transverse axis): <9.345 mm → Stop the structures from
shoving with respect to each other
3. Enables the insertion and withdrawal of energy via a manipulator → Generate translational movement at the proximal end
4. Enables transferring energy from a manipulator, towards the VRS → Transfer the translational movement through the shaft
5. Energy insertion shall effectuate a rigidity change in the VRS → Compress the structures
in the variable rigidity segment
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6. Energy withdrawal shall effectuate a rigidity change in the VRS → De-compress the
structures in the variable rigidity segment
7. A constant energy effectuates a constant rigidity in the VRS (over time) → Maintain
compression of the structures in the variable rigidity segment appendix C.2.12

4-1-2

From solutions to concept

For sub function 1 - Shove structures omni-directional, the second solution was chosen that
comprised of structures with concave bottom and convex top-surfaces. The decision for concave bottom and convex top surfaces was made in Sec. 4-3. The bending stiffness EI of the
VRS is dependent on the second moment of inertia I (mm4 ). Thus, the diameter of the individual structures needed to be maximized within the maximum permissible diameter of 0.889
mm. By the necessity to have the structures as broad as possible, the solution for compressing
the structures was left with a central hole in the structures. From a safety point-of-view, it
was preferred to compress structures via a pulling motion. Thus; a translation from inside
the body to outside the body. If anything in the VRGW were to break due to the pulling
motion, materials would be retracted through the lumen of the VRGW away from the human
body. For exertion of the pulling force to compress structures, there was chosen to attach a
pull wire to the most distal structure for the potential of a high tensile strength of the pull
wire. Thus, in the morphological matrix; solution 3 was chosen for sub function 4 - Transfer
translation through the shaft and sub function 5 - Compress structures.
An additional advantage of having the pull wire central through the cylinders was that the
pull wire would serve as a stop to prevent structures from shoving. Thus, in the morphological
matrix; solution 3 was chosen for sub function 2 - Stop structures from shoving. Next, the
pull wire would enable omnidirectional bending within the confinement of the shaft of the
VRGW. Note; essential herein is that the pull wire works through the neutral line of the shaft.
If the pull wire would not run through the neutral line of the shaft, a bending moment would
arise upon tension of the pull wire that might cause movement of the shaft. To manipulate
the pull wire at the proximal end of the VRGW, the pull wire would need to be attached to
a handle that allowed the operator to grip on-to the pull wire. To enable a high amount of
work (J) on the handle and thus the pull wire, the direction of the force that is applied to
the handle should be in the same direction as the movement of the handle. In the case of
the laced cylinders concept, this results in having the handle move over its length. Therefore,
in the morphological matrix; solution 1 was chosen for sub function 3 - Generate translation
(proximal) A solution for the sub function 6 - De-compress structures, was not chosen because
upon decreasing the tension in the pull wire, the structures were de-compressed under the
assumption that dry friction would exist between the structures according to the Coulomb
friction theory:
Ff ric = µFn

(4-1)

For sub function 7 - Maintain compression, solution 1; “The rotating rod” was chosen because
the rotating rod allows the operator to apply tension to the pull wire and lock the tension
S.B. Knippenberg
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on the pull wire via one handle. The other solutions would require one handle to apply
tension to the pull wire and one clamp or knob to allow the pull wire to translate initially.
Furthermore, there was limited space (≤0.889 mm) to manufacture solution 2 or solution 3.
If manufacturing would have succeeded, the size of the clamps or knobs from solution 2 or 3
would have been small to push with human fingers.

4-2

Functionality

In this section, the laced cylinders concept was explained. Establishment of the cylinders and
the pull wire was discussed in the following section; sec. 4-3.

4-2-1

The segmentation of the concept

Figure 4-1: The concept of laced cylinders from three view-points. The concept of laced cylinders
consists of four segments: the Variable Rigidity Segment (VRS); the shaft; the locking system
and the handle. The functionality of the laced cylinders concept is based on the compression of
cylindrical structures that are stacked upon the shaft. Compression of the cylinders is realized by
a pull wire that runs on the inside of the laced cylinders concept. The pull wire is attached to the
most distal cylinder in the VRS and on the proximal side of the handle. By pulling the handle,
the cylinders in the VRS enable an increase in rigidity of the VRS because frictional forces exiost
between the cylinders. Rigidity of the VRS can be maintained by the locking system.
S.B. Knippenberg
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The concept of laced cylinders consists of four segments: the Variable Rigidity Segment
(VRS), the shaft, the locking system and the handle, which is shown in Fig. 4-1. The technical
drawings of the different segments of the laced cylinders concept were added in Appendix G.
The functionality of the laced cylinders concept is based on compressing 21 cylinders that are
stacked in the VRS. An example of a cylinder is shown in Fig. 4-2. The cylinders consist of a
convex hemispherical contact surface at the top and a concave hemispherical contact surface
at the bottom. The stack of cylinders is bendable because the concave bottom surface of one
cylinder can be shoved over the convex top surface of another cylinder. The cylinders contain
a central hole that enables channeling with a pull wire. A pull wire runs on the inside of the
cylinders from the most distal cylinder to the proximal side of the handle. Pulling the handle
results in tension of the pull wire, whereafter compression of the cylinders in the VRS. The
compression of cylinders results in an increase of rigidity in the VRS because frictional forces
exist between the cylinders. The 0.889 mm diameter and the 9.345 mm bending radius of the
laced cylinders concept coincide with the requirements from Chap. 2

4-2-2

The Variable Rigidity Segment (VRS)

A cross sectional view of the VRS is shown in Fig. 4-3b, including a detailed view of the
tip (DETAIL A). In Fig. 4-3b, a free body diagram of the VRS is shown with a force
equillibrium as a result from tension on the pull wire (Ft ) with a simultaneous straightening
moment (Mcath ) (e.g. from a catheter) on the tip of the VRS. A detailed view (DETAIL B)

Figure 4-2: The cylindrical structure that is stacked in the variable rigidity segment. The cylinders
consist of a hemispherical convex top surface and a hemispherical concave bottom surface that
allow cylinders to be shoved with respect to one another. The cylinders consist of holes over their
longitudinal axis to allow lacing of the pull wire.
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in Fig. 4-3b shows the force equilibrium between two cylinders as a result from tension on
the pull wire (Ft ) and a simultaneous straightening moment (Mcath ).

If the tension on the pull wire (Ft ) is absent or low there are no or little normal forces
(Fn ) between the cylinders in the VRS and thus no or little friction forces (Ff ric ) between
the cylinders. When a momentous force is applied to the VRS in this passive state (e.g.
because the guide wire is pushed through an angulated catheter), the cylinders can be shoved
reasonably friction-less with respect to each other. Once the tension on the pull wire (Ft ) is
increased and the frictional forces (Ff ric ) are suffciently high to prevent the cylinders from
sliding with respect to eachother, the cylinders form a single element increasing the rigidity
in the VRS. Essential herein is that the shaft space is able to resist the axial forces exerted
by the laced cylinders.

(a)

(b)

Figure 4-3: Cross sectional views of the Variable Rigidity Segment (VRS). (a) The variable
rigidity segment consists of 21 cylindrical structures that are stacked upon the shaft (1.) of the
laced cylinders concept. Detail A shows the pull wire (2.) laced through the cylinders (3.) and
attached to the most distal cylinder (4.). (b) The force equilibrium in the VRS when tension
is applied to the pull wire (Ft ) and a straightening moment (Mcath ) to the distal end of the
catheter. The tension force on the pull wire (Ft ) is counteracted in the attachment point of
the pull wire (Fat . Detail B shows the force equilibrium between two cylinders as a result from
the compression between the cylinders; the normal forces (Fn ) in combination with the friction
coefficient (µ) result in friction forces (Ff ric ) that counteract the straightening moment (Mcath )
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The locking segment

A locking system is located distal from the shaft that comprises of a rigid piece of shaft
with two longitudinal slots and a piston that fits inside the rigid piece of shaft. The piston
is attached to the handle, so when the handle translates up- or down, the piston does too
on the inside of the rigid piece of shaft. The two longitudinal slots exist on the front- and
the backside of the rigid piece of shaft with in each slot at the distal side a notch. The
piston comprises of two protrusions that fit inside the longitudinal slots of the rigid piece of
shaft. When pulling the handle, the protrusions are retracted through the longitudinal slots.
By rotating the handle 45◦ clockwise at the proximal end of the slots, the protrusions are
placed inside the side-notches. By placement of the protrusions in the side-notches, further
translation of the handle and pull-wire is prevented and the system is locked (the same locking
principle was used in Fig. F-1 in Appendix I.2. Reversibly, de-compression can be achieved
by rotating the handle counter-clockwise, which draws the protrusions out of the side-notches
back into the longitudinal slot.

4-3

Sizing of the cylinders and pull wire

Establishment of the laced cylinders concept was dictated by sizing and materializing of the
cylinders and the pull wire. The cylinders and the pull wire were sized and materialized such
that a demonstrator could be fabricated in this project with a desired diameter of ≤0.889
mm. A diameter of ≤0.889 mm was pre-defined in the requirements specification.
The starting point for the sizing of the cylinders was to achieve that the stack of cylinders
could be bend with a bending radius of 9.345 mm. The height and diameter of the cylinders
were chosen to be 0.7 mm. Hence followed that for a bending radius of 9.345 mm, each
cylinder would need to rotate 4.286◦ .
To enable fabrication of the laced cylinders concept with the desired dimensions of a diameter
≤ 0.889 mm, the favored material for the cylinder was brass, which is a metal alloy from
copper and zinc. Brass was suitable for the fabrication of the cylinders because it is suitable
to be produced by the machine process of turning; a cutting process for the fabrication of
rotational symmetric work-pieces. A friction coefficient µ ≈ 0.15 for brass-to-brass contact
was experimentally determined by [8] The brass used in the experiment consisted of 64% Cu,
34%Zn and 2%Pb) and the experimental conditions were: dry contact; 10 N normal loading;
≈ 70% humidity and 1 m/s sliding velocity between the brass-surfaces.

4-3-1

Mechanical analysis; efficiency of the compressive force

A mechanical analysis was done that related the bending moment per unit of compressive
force (Nmm/N) to the radius of the contact surface Rc of a cylinder. This paragraph was
written on the basis of an invention disclosure for a “Guide wire stiffening mechanism” Version
2.0.2 2008-04-17 by Philips.
A two-dimensional Free Body Diagram (FBD) of a single cylinder was used for this mechanical
analysis, which was added in Fig. 4-4. The FBD has a diameter D, radius of contact surface
Rc and the center of rotation c. The FBD was subjected to a bending moment M and a
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compressive force Fa . The compressive force Fa simulated the tension of the pull wire and
the bending moment simulated the straightening moment effectuated by a catheter. There
was assumed that the contact-points of the FBD with the bottom cylinder were located at
the bottom corners of the FBD. Hence, the compressive force Fa is opposed by the forces
Fn1 and Fn2 . Next to that, under the assumption of a static friction in the contact points,
the bending moment is opposed by the friction forces Ff ric1 = µ Fn1 and Ff ric2 = µ Fn2 . A
moment balance around point c provides:

Figure 4-4: Free body diagram of a cylinder. The cylinder has a diameter D, radius of contact
surface Rc and the center of rotation c. The cylinder is subjected to a compressive force Fa and a
bending moment M . The contact with the bottom cylinder was assumed to occur at the bottom
corners of the cylinder. Under the assumption of static friction in the contact points, the bending
moment is opposed by the friction forces Ff ric1 = µ Fn1 and Ff ric2 = µ Fn2 .

M = (Ff ric1 + Ff ric2 )Rb

(4-2)

A force balance in x direction gives:
x : (Fn1 − Fn2 ) cos α = (Ff ric2 + Ff ric1 ) sin α

(4-3)

A force balance in y direction gives:
y : (Fn2 + Fn1 ) sin α + (Ff ric1 − Ff ric2 ) cos α = Fα

(4-4)

Furthermore
α = arccos
S.B. Knippenberg
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Via substitution of the equations above follows
M
µ
Rc
=
Fa
1 + µ2 sinα

(4-6)

Figure 4-5: Relation between the bending moment M per unit of compressive force Fa to the
radius of the contact surface of the cylinders Rc

The relation between the bending moment per unit of compressive force versus the radius of
the contact surface is shown in Fig. 4-5. Fig. 4-5 was plotted with the values D = 0.7 mm and
µ = 0.15. For a radius of contact surface Rc of 0.35 mm, there exists a vertical asymptote
because at 0.35 (thus= D/2), the contact surface would be hemispherical. Although this
vertical asymptote indicates that ≈ 0.35 mm would be an efficient radius for the contact
surfaces, it was not functional for the following reasons.
The cylinders would rotate over their bottom corners (where Fn1 and Fn2 act in Fig. 4-4),
instead of shove over their contact surfaces. Additionally, if the concave bottom contact
surface of the upper cylinder would be smaller than the convex top surface of the bottom
cylinder, the convex top surface of the bottom cylinder would be clamped, which would
prevent the cylinders to shove over each other. Enlarging the radius of the contact surface
would be beneficial for efficient compression between cylinders, but has its side-effects.
Therefore, in the following subsection there was elaborated further on an appropriate radius
for the contact surfaces of cylinders by investigation of the following side-effects. Mutual
shoving between cylinders causes the broad/diameter of the cylinders to increase, thus the
maximum width of cylinders was investigated. Next, in the subsection; “Compressive stress
on the cylinders”, the radius of the contact surface Rc was related to stress in the cylinders
via the compressive force F a, the radius of the cylinders R, the rotation between mutual
cylinders α and the radius of the pull wire Rpw .
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The maximum width of mutually shoved cylinders

The maximum width between two cylinders as a result from shoving was depicted by a crosssectional view between two cylinders in Fig. 4-6 from point L to R. The maximum width
(Mw ) between cylinders was considered to be the diameter of the cylinder (D=0.7 mm) plus
the mutual shift between the cylinders.
The maximum width was determined was followed:
Mw = D + T rbig + T rsmall

(4-7)

With:
T rbig = Rc sin(θ) − sin(β)

β = arcsin

 D/2 



(4-8)

(4-9)

Rc

θ =β+α

(4-10)

T rsmall = Y tan(α)

(4-11)



Y = Rc cos(β) − cos(θ)

(4-12)

The maximum width was calculated with diameter D = 0.7 mm and rotation α = 4.286◦ . The
results of the maximum width were added in Table H-1 of Appendix H. The results indicate
a maximum width (Mw ) of 0.715 - 0.833 mm for a radius of contact surface between 0.4 1.8 mm, which is less than 0.889 mm and thus every radius of contact surface was acceptable
concerning shoved cylinders.

4-3-3

Compressive stress on the cylinders

The sizing of the cylinders was determined by establishment of a relation of the compressive
stress σc in a cylinder with the following sizing variables: The radius of the contact surface
Rc ; the radius of the pull wire Rpw ; the radius of the central hole Rh and the wall thickness
Wt . The maximum permissible stress in the cylinder was limited by the yielding strength of
brass, from which the sizing variables followed. The stress in the cylinder was related to the
input variables Rc , Rpw , Rh , Wt via the contact surface A (mm2 ):
σc =

Fa
A

(4-13)

Since the contact surface is a convex, there is a dependency on height of the contact surface
Hc . Thus:
A = 2π Wt Hc
S.B. Knippenberg
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Where Wt represents the thickness of the cylinder walls. The thickness of the cylinder walls
holds the following relation with the radius of the cylinder R and the radius of the contact
surface of the cylinder Rc :
Wt = R − Rh

(4-15)

The height of the contact surface Hc in eq. 4-14 was determined by calculating the height of
the ’total’ hemispherical contact surface Hh and subtracting the height of the top part of the
hemispherical contact surface Ht that was “missing” due to the central hole:
Hc = Hh − Ht

(4-16)

Where:
Hh = Rc −

q

Ht = R c −

q

Rc2 − R2

(4-17)

Rc2 − Rh2

(4-18)

Clarification is provided by Fig. 4-7, that shows a cross-sectional view of the cylinder with
the relevant sizes; Hc , Hh and Ht .

Figure 4-6: The maximum width Mw (between point L and R in the figure) of two cylinders that
are mutually shifted over 4.286◦ . The maximum width was determined by Mw = D + T rbig +
T rsmall . With D being the diameter, T rbig the translation up to the left bottom corner of the
upper cylinder and T rsmall the small translation for the angulation of the upper cylinder
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The radius of the contact surface was a result from the size of the pull wire Rpw , the size of
the central hole Rh and the rotation of angle α according to the following equation:


Rh = Rc sinα +

Rpw
cos α



(4-19)

Eq. 5-7 was deducted from the free body diagram in Fig. 4-8, which depicts the desired
configuration between two cylinders and a pull wire that was laced from the bottom-cylinder
one into top-cylinder two. Cylinder two is rotated over angle α in point c with bending radius
Rc . The pull wire originates at the rotation point c of cylinder one and was fixated at the
top of cylinder two. The rotation α of cylinder two was limited by the diameter of the pull
wire and the size of the central hole. Thus, the central hole is equal to the diameter of the
pull wire, with additional clearance for angulation of the pull wire.
Substitution of eq. 4-17 and eq. 4-18 in eq. 4-16 gives:
Hc =

q

Rc2 − R2 −

q

Rc2 − Rh2

(4-20)

Subsitution of eq. 4-22, eq. 4-14, eq. 4-15, eq. 5-7 and eq. 4-20 in eq. 4-13 provided:
Fa

σc =

"

2π

r
p

Rc2

−

R2

−

Rc2

−




Rc sin α cos α+Rpw 2
cos α

#

(4-21)
h

R cos α−Rc sin α cos α−Rpw
cos α

i

The radius of the contact surface Rc was determined by inserting a range for the radius
of the contact surface of 0.7-1.8 mm in eq. 4-21. Thereafter, the radius of the contact

Figure 4-7: Cross-sectional view on one cylinder with the essential sizing parameters to determine
the height of the contact surface Hc . The contact surface A was indicated with the red surface.
The Hc was determined by calculating the height of the ’total’ hemispherical contact surface
Hh and subtracting the height of the top part of the hemispherical contact surface Ht that was
“missing” due to the central hole
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surface was picked where the compressive stress was lower than the yielding stress of the
brass cylinder. The brass that was used for fabrication of the cylinders was CuZn39Pb3 (EN
number: CW614N) with a corresponding yield strength of 180-480 (N/mm2 ). [48] For the
pull wire, a 0.15 mm diameter stainless steel wire (American Iron and Steel Institute grade:
302) was chosen. The maximum tensile force of the pull wire was determined with:
Ft = σt A = σt (π R2 )

(4-22)

With σt = 510-1100 MPa for the tensile strength and radius R = 0.35 mm, followed a maximum
tensile force from the pull wire: Ft = 9-19 N. For the maximum tensile force for the pull wire,
10 N was used. The tensile force of the pull wire was considered to be equal to the compressive
force on the cylinders (thus Ft = Fa ). For the compressive strength; 10 N was The rotation
of the cylinder α was earlier in this section determined to be 4.286◦ . The results are added
in Table 4-1.
The results show that for a radius of contact surface Rc of 1 mm, the compressive stress
σc = 153 (N/mm2 ) is lower than lower boundary for yielding stress of brass = 180 (N/mm2 )
and thus the best option. The wall thickness of the cylinders were accordingly sized; 0.2 mm,
which results in a central hole diameter of 0.3 mm (diameter cylinder = 0.7 mm).

Figure 4-8: Cross-sectional view on two cylinders, from which cylinder 1 is rotated over α with
respect to cylinder 2. A pull wire is laced from cylinder 1 into cylinder 2. Cylinder 2 is rotated
over angle α in point c with bending radius Rc . The pull wire originates at the rotation point c
of cylinder one and was fixated at the top of cylinder two. The rotation α of cylinder two was
limited by the diameter of the pull wire and the size of the central hole. Thus, the central hole is
equal to the diameter of the pull wire, with additional clearance for angulation of the pull wire
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Radius contact surface Rc
(mm)

Compressive stress σc
(N/mm2 )

Contact surface A
(mm2 )

Height contact surface Hc
(mm)

Wall thickness Wt
(mm)

0.7
0.8
0.9
1.0
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8

87
107
129
153
180
211
245
285
330
382
443
514

0.115
0.093
0.078
0.065
0.055
0.047
0.041
0.035
0.030
0.026
0.023
0.019

0.0821
0.0692
0.0595
0.0519
0.0458
0.0408
0.0365
0.0329
0.0297
0.0268
0.0243
0.0221

0.2225
0.2150
0.2075
0.2001
0.1926
0.1851
0.1776
0.1702
0.1627
0.1552
0.1477
0.1403

Table 4-1: This table presents the relation between the radius of contact surface Rc ; compressive
stress µc ; contact surface A and wall thickness Wt as a result from eq. 4-21. For a radius of
contact surface Rc of 1 mm, the compressive stress σc = 153 (N/mm2 ) is lower than lower
boundary for yielding stress of brass = 180 (N/mm2 ) and thus the best option. The wall
thickness of the cylinders were accordingly sized; 0.2 mm, which results in a central hole diameter
of 0.3 mm (diameter cylinder = 0.7 mm)

4-3-4

Mechanical analysis: Shoving of cylinders without external force

To determine whether cylinders would shove with respect to one another upon tension of the
pull wire, the following mechanical analysis was done.

The free body diagram
For this mechanical analysis, the Free Body Diagram of a cylinder was used as depicted in Fig.
4-9b. Fig. 4-9a shows the initial situation from which the FBD was made; the cross-sectional
view of two cylinders with a rotation over angle α. The cylinders comprise a central hole
that allowed the lacing of a pull wire from cylinder one into cylinder two. Cylinder two is
rotated over angle α in point c with bending radius Rc . The FBD was set-up to represent the
cylinders during a maximal bend; the pull wire herein was assumed to lay against the wall of
cylinder one. From the course of the pull wire along the wall of cylinder one, the pull wire
was bend into the hole of cylinder two were it was fixated at the top of cylinder two. The
rotation α of cylinder two was limited by the pull wire that was wedged between cylinder one
and cylinder two. Ft represents the tensile force of the pull wire.
The red line in the FBD represents the operating line of the pull wire and thus the tensile
force Ft . The tensile force Ft was divided in two force components: Fs and Fa . Force Fs is
thereby the shoving force and Fa is the compression force between the two cylinders. The
contact between cylinder one and cylinder two was simplified as one contact point, which
existed in the extension between the center of rotation c and the point of attachment of
the pull wire at the top of cylinder two. Under the assumption that dry friction exists in
the contact point between cylinder one and cylinder two, the friction force is represented as
followed; Ff ric = Fa µ. Angle θ represents the angle at which Ft engages at the top of cylinder
two.
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The moment balance
On the basis of the FBD in Fig. 4-9b, a moment balance around point c was established:

M : Fs ( Rc + H) = Ff ric Rc

(4-23)

With:

(a)

(b)

Figure 4-9: (a) Shows the cross-sectional view of two cylinders , from which cylinder two is
rotated with respect to cylinder one over angle α. The contact surfaces of the cylinders have a
radius of contact surface Rc that rotates in point c. Through the central holes of cylinder one
and two runs a pull wire that originates along the wall of cylinder one and is fixated at the top
of cylinder two. This situation was considered to be representative for a maximum bend in the
VRS, where the pull wire has a course along the wall of cylinder one. Ft represents the tensile
force through the pull wire. (b) shows the Free Body Diagram (FBD) that was constructed on
the basis of the two cylinders in figure a. The red line in the FBD represents the course of the
pull wire that engages at the top of cylinder two. The tensile force Ft was divided in two force
components: Fs and Fa . Force Fs is thereby the shoving force and Fa is the compression force
between the two cylinders. The contact between cylinder one and cylinder two was simplified as
one contact point, which existed in the extension between the center of rotation c and the point
of attachment of the pull wire at the top of cylinder two. The shoving force Fs is counteracted
in the contact point with the frictional force Ff ric
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Fs = Ft sin θ

(4-24)

Ff ric = Fa µ

(4-25)

Fa = Ft cos θ

(4-26)

From substitution of eq. 4-24, eq. 4-25 and eq. 4-26 in eq. 4-23 followed eq. 4-27, which
relates the friction coefficient µ with the height of the cylinders H, the radius of the contact
surface Rc and engagement angle of the pull wire θ.


µ=

Rc + H
Rc



tan θ

(4-27)

Derivation of the engagement angle of the pull wire θ
Via the engagement angle of the pull wire θ, a relation was made with the following geometrical
vales: the radius of the hole Rh ; the radius of the pull wire Rpw ; the rotation of cylinder two
α; the radius of the contact surface Rc and the height of the cylinders H. These interrelations
were deducted using Fig. 4-10b. Fig. 4-10a was constructed on the basis of the two stacked
cylinders in Fig. 4-9a, whereby the angle α was dramatized to distinct the working line of
the pull wire with the individual forces on cylinder two. Therefore, angle θ was calculated as
followed:
G
θ = arctan
E




(4-28)

With:
G = I sin α

(4-29)

E = (Rc + H) − (P + J)

(4-30)

P =

L
sin α

(4-31)

L = Rh − Rpw

(4-32)

J = I cos α

(4-33)

Substitution of eq. 4-29, eq. 4-30, eq. 4-31, eq. 4-32 and eq. 4-33 in eq. 4-28 gives for θ:
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θ = arctan 



I sin α
(Rc + H) −

n

(Rh −Rpw )
sin α

+ I cos α

o

(4-34)

Length I was determined as followed:
I =K −N =
With:
K=

q

N=

(a)

(4-35)

Rc2 − Rh2

(4-36)

L
tan α

(4-37)

(b)

Figure 4-10: (a) The Free Body Diagram (FBD) of a cylinder with height H that is rotated over
angle α in point c. Rpw represents the radius of the pull wire and Rh is the radius of the central
hole of the bottom cylinder. The red line indicates the working line of the pull wire that runs
along the wall of the bottom cylinder towards the top-part of the top cylinder where the pull wire
is attached. Angle θ represents the engagement angle of the pull wire, which is divided in two
force components; the shoving force Fs and the compression force Fa . The contact point from
the top cylinder was assumed to be located in a straight line between point c and the attachment
point at the top of the top cylinder. The shoving force Fs is counteracted in the contact point
with the frictional force Ff ric . (b) Sectioning of the FBD in figure a to relate the radius of the
hole Rh ; the radius of the pull wire Rpw ; the rotation of cylinder two α; the radius of the contact
surface Rc and the height of the cylinders H to the engagement angle of the pull wire α.
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Substitution of eq. 4-32, eq. 4-36 and eq. 4-37 in eq. 4-35 gives for length I:
I=

q



Rc2 − Rh2 −



Rh − Rpw
tan α



(4-38)

Substitution of eq. 4-38 in eq. 4-34 provides the expression for the engagement angle of the
pull wire θ:


θ = arctan 

hq



Rc2 − Rh2 −



(Rc + H) −

n

(Rh −Rpw )
sin α

+



hq

Rh −Rpw
tan α

Rc2

−

Rh2

i





sin α

−



Rh −Rpw
tan α

i

cos α

(4-39)


o

Substitution of eq. 4-39 in eq. 4-40 provides the expression for the friction coefficient µ:




µcalc =

Rc + H
Rc

hq






Rc2 − Rh2 −



(Rc + H) −

n

(Rh −Rpw )
sin α

+

hq



Rh −Rpw
tan α

Rc2

−

Rh2

i



−



sin α


Rh −Rpw
tan α

i

cos α


o  (4-40)

Results
The following values were substituted in eq. 4-39 and eq. 4-40:
• H = 0.7 mm
• Rc = 1 mm
• Rh = 0.3 mm
• Rpw = 0.075 mm
• α = 4.286◦
From eq. 4-39 followed the engagement angle for the pull wire θ = -0.073◦ and from eq. 4-40
the corresponding friction coefficient µ = -0.124. θ = -0.073◦ indicated that the working line
of the compression force Fa runs left from the pull wire (in Fig. 4-9b). Since the calculated
friction coefficient µ = -0.124 was smaller than the friction coefficient of the brass cylinders:
µBrass = 0.15, the cylinders do not shove when the pull wire is tensioned. For the cylinders
to start shoving, the rotation between cylinders would need to be be α ≥ 8◦ (with θ ≥ 5◦ ).
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The manufacturing and testing of a
demonstrator
5-1

The demonstrator

To determine the feasibility and functionality of the laced cylinders concept, a demonstrator
was manufactured and tested on the pre-determined requirements from Chap. 2 (page 18).
The demonstrator consisted of two segments: a variable rigidity segment with 50 laced cylinders and a 0.4/0.7 (inner diameter/outer diameter) base tube. The cylinders were fabricated
from brass (CuZn39Pb3, EN number: CW614N) by ‘Bakker Fijnmetaal’ corp. (Son, the
Netherlands) and spanned a length of 35 mm. The demonstrator is shown in Fig. 5-1a, with
a close-up on the laced cylinders in Fig. 5-1b.

(a)

(b)

Figure 5-1: (a) The demonstrator, which consisted of 50 laced cylinders that formed a Variable
Rigidity Section (VRS) of 35 mm. The cylinders were laced on a 0.15 mm diameter stainless
steel wire (American Iron and Steel Institute grade: 302). The cylinders were made from brass
(CuZn39Pb3, EN number: CW614N) by ‘Bakker Fijnmetaal’ corp. (Son, the Netherlands) (b) A
close-up of the laced cylinders
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(a)

(b)

Figure 5-2: (a) The distal end of the demonstrator. Nr. 1 indicates the primary engagement tube
that is clamped onto the pull wire to enable the compression of cylinders. Nr. 2 indicates a safety
tube to prevent the cylinders from sliding off the pull wire in the case that the first tube would fail
to resist the tensile force exerted by the pull wire. The most distal cylinder—which is indicated
with nr. 3—was fabricated with a flattened top surface to align with the first engagement tube.
(b) The transition from the cylinders towards the 0.4/0.7 (inner diameter/outer diameter) base
tube. Nr. 5 indicates the base tube, which served as a fulcrum for the retraction of cylinders and
to enable fixation of the demonstrator while testing. Nr. 4 indicates the most proximal cylinder;
the most proximal cylinder was fabricated with a flattened bottom surface to ensure alignment
with the base tube.

The proximal side of the base tube consisted of a flat surface. Therefore, the most distal
cylinder was also manufactured with a flat top-surface to align with the base tube (nr. 3 in
Fig. 5-2a). The bottom-side of the most proximal cylinder—which is indicated by nr. 4 in
Fig. 5-2b— was also flattened to align with the top-side of the base tube (nr. 5 in Fig. 5-2b).
As a pull wire; a 0.15 mm diameter stainless steel wire (American Iron and Steel Institute
grade: 302) was used, onto which two metal tubes were clamped with a pair of pliers. The
distal side of the demonstrator is shown in Fig. 5-2a. The first tube, indicated with nr. 1 in
Fig. 5-2a, was the primary engagement for the pull wire. Thus, via tube one, a compression
force could be exerted to the stack of cylinders when tensile force would be applied to the
pull wire. The second tube, nr. 2. in Fig. 5-2a, served as a safety engagement to prevent the
cylinders from sliding off the pull wire if the first tube would fail to resist the tensile force
exerted by the pull wire.
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The experimental set-up and estimated rigidity
Materials

To enable testing of the demonstrator, an experimental set-up was made as shown in Fig.
5-3, with various parts of the experimental set-up highlighted. The set-up enabled variation
of rigidity in the VRS of the demonstrator by the addition of weights to the pull wire. The
set-up was mounted on a Zwick Z010 tensile testing machine (Zwick GmbH & Co. KG, Ulm,
Germany) via a metal plate to determine the rigidity of the VRS of the demonstrator. The
set-up, being mounted to the tensile testing machine via a metal plate is shown in Fig. 5-3a
The metal plate, formed the basis for attachment of the following parts: The first part was
an aluminum block, onto which the base tube of the demonstrator was glued. Fig. 5-3b
presents a close-view of the situation near the aluminum block and the perturbator that was
attached to the tensile testing machine. From the distal end of the base tube protruded the
VRS that extended towards the pertubator from the tensile testing machine. The perturbator
was mounted on a 20 gram mini S-beam load cell (Futek, model; LSB200) to determine the
amount of force (mN) it took to deform the VRS. From the proximal end of the base tube
extended the pull wire, which was fed over a pulley system. The pulley system was the second
part that was attached to the metal plate. The pulley system guided the horizontal course of
the pull wire to a vertical course for the addition of weights to the proximal end of the pull
wire. The distal end of the pull wire was put in a loop to enable the suspension of weights
via a holder that was hooked onto the loop of the pull wire. The pull wire was tensioned by
the addition of weight onto the holder on the proximal side of the pull wire.

5-2-2

Method

Preliminary experiments were done to determine the maximum tensile force that could be
applied to the pull wire and the first engagement tube. The preliminary experiments consisted
of a strength measurement of the first engagement tube with the pull wire and a yield strength
measurement of two cylinders. These preliminary experiments were added in Appendix I. The
results in Appendix I indicate that a maximum tensile force of 21 N could be applied to the
demonstrator. The weakest point in the demonstrator turned out to be the connection of the
first engagement tube with the pull wire.
The 20 gram load cell (Futek, model; LSB200) was calibrated by taking into account the
voltage (V) to force (mN) ratio (= 1:20.885) of the load cell. The voltage (V) to force (mN)
ratio was included in the LabVIEW (National Instruments corp., Austin, United States)
software, which was used to visualize and record the output from the load cells and transfer
the voltage (V) into the corresponding force (mN). For further details on the data acquisition
in this experiment, the reader is referenced to Appendix C, where the data acquisition was
similar.
Prior to validation of the demonstrator, the rolling friction accounted for by the pulley system
was measured, which indicated a 10% loss in tensile force on the pull wire. Thereafter was
started with geometrical measurements on the VRS of the demonstrator by adding 350 gram
of weight to the proximal end of the pull wire. The diameter/breadth and the attainable
bending radius of the VRS were measured by putting the VRS in a maximal bend. The
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(a)

(b)

Figure 5-3: (a) & (b): The experimental set-up for testing the functionality of the demonstrator.
(a): The set-up was mounted on a Zwick Z010 tensile testing machine (Zwick GmbH & Co. KG,
Ulm, Germany) via a metal plate that is indicated by nr. 1. There were two components attached
to the metal plate; an aluminum block and a pulley system. The aluminum block is indicated
with nr. 2 in both the pictures (a) and (b). The base tube of the demonstrator was glued on
the aluminum block, thus the aluminum block served as a fulcrum for the demonstrator. The
base tube of the demonstrator is specified by nr. 3 in photo (b). From the distal end of the
base tube extended the VRS that is indicated with nr. 4 in photo (b). A 20 gram mini S-beam
load cell (Futek, model; LSB200) was used in this experiment to measure the rigidity of the
VRS of the demonstrator, which is indicated with nr. 5. The load cell was attached to the
tensile testing machine, with a perturbator mounted to the bottom end of the load cell. The
perturbator was indicated with nr. 6. The set up was mounted on the tensile testing machine
such that the perturbator was at a 33 mm length of the VRS (measured from the base tube of the
demonstrator). At the proximal side of the base tube extended the pull wire, which is specified
with nr. 7 in de photo’s (a) & (b). The pull wire was fed over the pulley system, whereby the
horizontal course of the pull wire was altered into a vertical course to allow the addition of weight
to the proximal end of the pull wire. In photo (a); the pull wire is highlighted in red and the
pulley system is indicated with nr. 8. To allow for the addition of weights to the distal end of the
pull wire, the pull wire was put in a loop. A holder was hung in the loop that made it possible to
add weights and thereby tension the pull wire. The holder with weights is indicated with nr. 9 in
photo (a).
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diameter/breadth was measured with a caliper and the attainable bending radius of the VRS
with an mechanical angle measurement device.
To determine the rigidity of the VRS of the demonstrator, the following weights were added
in consecutive order: 350 gram, 600 gram, 850 gram, 1100 gram, 1350 gram, 1600 gram, 1850
gram, 2100 gram and 2350 gram. For each weight, three measurements were done. Each
measurement was started by putting the VRS of the demonstrator horizontally, which was
ensured by the placement of a metal block under the VRS. After horizontal outlining, weights
were added and the block was removed. From the starting position, the perturbator was
lowered 5 mm, at a lowering speed from the tensile testing machine of 5 mm/min.

5-2-3

Estimated rigidity of the demonstrator

Calculations
A relation was made between a maximum transverse force Fmax on the tip of the demonstrator
and the compressive force Fa in the demonstrator as a result from tension on the pull wire.
Similar to the experimental set-up; the transverse force Fmax was assumed to work at the tip
of the demonstrator, with a length L = 33 mm between the tip of the demonstrator and the
base tube of the demonstrator. The maximum transverse force was calculated using eq. 5-1
and eq. 5-2 corresponding to the FBD in Fig. 4-4 and eq. 5-3.
M
Rc
µ
=
2
Fa
1 + µ sinα
α = arccos

D
2Rc

M = Fmax L

(5-1)

(5-2)

(5-3)

Substitution of eq. 5-3 in eq. 5-1 provided the following equation, with which the relation
between the maximum transverse force Fmax and the compressive force Fa was established.
Fmax =

µ
Rc Fa
2
1 + µ sinα L

(5-4)

Eq. 5-5 was used to determine the rigidity of the VRS of the demonstrator. The VRS of the
demonstrator was considered a cantilever beam, with a concentrated transverse load Fmax at
the free end [22].

E=

Fmax l3
3w Iz

(5-5)

With the area moment of inertia Iz around the (transverse) z-axis of the demonstrator [22]:
Iz =
Master of Science Thesis


π 4
rcyl − rhole 4
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(5-6)
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The maximum transverse force Fmax (mN) and the corresponding rigidity E (GPa), were
calculated with substitution of the following values into eq. 5-2, eq. 5-4, eq. 5-5 and eq. 5-6:
• Compressive force Fa = 3-21 N, which corresponds to the tensile forces that were added
to the pull wire in the experiments on the demonstrator.
• Diameter D = 0.7 mm
• Radius of the contact surface Rc = 1 mm
• Friction coefficient µ = 0.15
• Length L = 33 mm
• Transverse displacement of the tip of the demonstrator w = 5 mm
• The second moment of inertia I = 0.01 mm4
• Radius cylinder rcyl = 0.35 mm
• Radius central hole rhole = 0.3 mm
Results
The results are presented in Table 5-1. The relation between the compressive force Fa (N)
and the transverse force Fmax (mN) was plotted in graph. 5-4 alongside the experimental
values from Table 5-2.

Compressive force Fa (N)

Transverse force Fmax (mN)

Rigidity E (Gpa)

3
5
8
10
12
14
16
19
21

15
25
36
46
57
67
78
88
98

3
5
7
10
12
14
16
19
21

Table 5-1: Calculated values for the relation between the compressive force Fa (N) between the
cylinders of the demonstrator and the transverse force Fmax (mN) at the distal end. The rigidity
of the demonstrator was calculated with the assumption that the demonstrator was a cantilever
beam with the load Fmax (mN) at the free end [22].
S.B. Knippenberg
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Compressive forces versus transverse forces
The results of the transverse loading experiment on the demonstrator were added in Table 5-2.
The compressive force Fa (N) was the compressive force between the cylinders in the VRS and
was considered equal to the tensile force that was exerted on the pull wire by means of weights.
Fmax (mN) represents the transverse force that was exerted to the tip of the demonstrator
via the tensile testing machine. A standard deviation for the three measurements on the
transverse forces were calculated and added in Table 5-2.
The rigidity in the demonstrator was calculated based on the average transverse force Fmax
(mN) from the experiments. Therefore, the following values were substituted in eq. 5-5:
Fmax = 13 - 102 (mN); length l = 33 mm; transverse displacement w of the tip = 5 mm and
the second moment of inertia I = 0.01 mm4 . The average rigidity of the demonstrator from
transverse forces Fmax (mN) of the experiment were also added in Table 5-2.
The relation between the transverse force Fmax (mN) and the compressive force Fa (N) on
the demonstrator, as a result from the experiments was plotted in Fig. 5-4. The correlation
between the three measurements was high; R≈ 0.98. However, the standard deviation was
observed to be dependent on the interval of compressive forces.

Fa (N)

Fmax (mN)
Measurement 1

Fmax (mN)
Measurement 2

Fmax (mN)
Measurement 3

Fmax (mN)
Average

Std dev. Fmax

Rigidity (GPa)
Average

3
5
8
10
12
14
16
19
21

12
19
29
39
56
74
84
92
100

13
23
18
46
51
75
78
95
102

15
21
32
49
64
89
80
93
104

13
21
26
45
57
79
80
93
102

1.3
1.4
6.1
4.1
5.2
7.0
2.4
1.2
1.6

3
4
6
9
12
17
17
20
22

Table 5-2: The results from the transverse loading experiment on the demonstrator for three
measurements. The tensile force Fa (N) is the force that was added to the pull wire by means
of weights and the Fmax (mN) represents the transverse force that was added to the tip of the
demonstrator. A standard deviation was calculated between the three measurements for Fmax
(mN). The rigidity in the demonstrator was calculated based on the average transverse force Fmax
(mN) from the experiments.
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Experiment - Transverse forces
120

Transverse force Fmax (mN)

100
80
60

Measurement 1

Measurement 2
Measurement 3

40
20
-

-

5

10
15
Compressive force Fa (N)

20

25

Figure 5-4: The relation between the maximum transverse force Fmax (mN) and the compressive
force Fa (N) for the experiments on the demonstrator.

Fa (N)

µ Measurement 1

µ Measurement 2

µ Measurement 3

µ Std dev.

3
5
8
10
12
14
16
19
21

0.119
0.114
0.120
0.128
0.148
0.166
0.162
0.157
0.153

0.130
0.134
0.074
0.149
0.136
0.169
0.150
0.162
0.156

0.151
0.127
0.136
0.161
0.171
0.203
0.155
0.159
0.159

0.013
0.008
0.026
0.014
0.015
0.017
0.005
0.002
0.002

Table 5-3: The friction coefficients µ in relation to compressive forces Fa (N) for the three
measurements. The friction forces µ were calculated by substitution of the transverse forces
Fmax (mN) and the compressive forces F a (N) in eq. 5-4
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Friction forces
For further investigation, the friction coefficients were calculated corresponding to the three
measurements. By substitution of the transverse forces Fmax (mN) and the compressive forces
F a (N) in eq. 5-4, the friction coefficients µ were determined for the demonstrator and added
in Table 5-3. Therefore, the following vales were substituted in eq. 5-4: Radius of contact
surface Rc = 1 mm; length L = 33 mm and α = 70◦ (with the diameter of the cylinder D =
0.7 mm). The friction coefficients were plotted in Fig. 5-5.
The standard deviation of the friction forces was dependent on the interval of compressive
forces; for compressive forces Fa ≤ 19N the standard deviation ranged up to 0.026, in contrast to compressive forces Fa ≥ 19N , where the standard deviation was 0.002. To determine
the cause for the converging of friction coefficients, the relation between the transverse displacement w (mm) of the tip of the demonstrator and the transverse force Fmax (mN) was
analyzed for two compressive forces (16 N & 21 N), which were plotted in Fig. 5-6. In Fig.
5-6a, the slopes increase somewhat linearly up to 1 mm transverse displacement. Thereafter,
the growth decreases because the cylinders shove due to insufficient friction forces. The static
friction coefficient tends to be lower than the kinetic friction coefficient for brass surfaces,
thus when the threshold for static friction is broken; the cylinders shove [8]. The friction
forces between cylinders were higher for a compressive force of 21 N (Ff ric ≈ 2.5 N, with an
average µ = 0.156) than a compressive force of 16 N (Ff ric ≈ 3.3 N, with an average µ =
0.156). The difference in friction forces between F a = 16 N and F a = 21 N are reflected by
the differences in dispersion between Fig. 5-6a and Fig. 5-6b.
The cause for cylinders to shove at different transverse forces between measurements, might
be due to the dependence of frictional forces on the duration of rubbing. It was expected
that as the duration of rubbing increases, the friction coefficient increases; an effect caused by
Friction coefficient µ versus Compressive force (N)
0.25

Friction coeffcient µ

0.20

0.15

Measurement 1
Measurement 2

0.10

Measurement 3

0.05

-

-

5

10

15

20

25

Compressive force Fa (N)

Figure 5-5: The relation between the friction coefficient µ and the compressive force Fa (N) for
the three measurements in this experiment.
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wearing of foreign substances (e.g. moist, debris and oxidation) [8]. This effect could be the
cause for the overall higher friction of measurement 3 with respect to the other measurements
(visible in Fig. 5-5 and the dispersion of friction coefficients between measurements in general.
Additionally, the geometry of the variable rigidity segment and thus the mutual positioning
of cylinders shall have varied between measurements, which could also have influenced the
shoving of cylinders.
If the cylinders were to be fixated over the full range of compressive force Fa during the experiments, the expected course of the friction coefficients would be a decrease as the compressive
force increases; allegedly caused by increased surface roughening and more wear debris [3].
At a certain point however, the course should become linear as surface roughening reaches a
steady state.

Transverse displacement (w) versus F max (mN)
for 16 N compressive force Fa
90

Transverse force F max (mN)

80
70
60
50
40
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20
10
0

0
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Transverse displacement w (mm)
Measurement 1

Measurement 2

Measurement 3

(a)
Transverse displacement (w) versus F max (mN)
for 21 N compressive force Fa
Transverse force F max (mN)
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Figure 5-6: (a) The transverse displacement w (mm) of the tip of the demonstrator versus the
average force Fmax (mN) for compressive force Fa = 16 N in graph (a), and Fa = 21 N in graph
(b).
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Estimated rigidity versus experimental rigidity

To make an estimation of the compressive force at which cylinders would fixate in the demonstrator: Fixation of cylinders was assumed to occur where the standard deviation of the
friction coefficients converged to 0.002, which corresponds to Fa ≥ 19N . The rigidities (GPa)
from the experiments and the estimations were plotted in Fig. 5-7. On the previous assumption, the experimental values in Fig. 5-7 would be representative for the rigidity in the
cylinders for compressive forces Fa ≥ 19N . For compressive forces Fa ≤ 19N , the tensile
force in the pull wire was regarded to be measured.
Although the correlation between the experiments and the estimation was high; R≈ 0.98,
the experiments could not be valued on significance for the lack of measurements (n=3).
Therefore, the rigidity modes for the demonstrator were arbitrarily determined to be:
1. For the high rigidity mode of the demonstrator; a rigidity of 22 GPa was determined
as function of 21 N tensile force in the pull wire. This determination was done based
on the average transverse force Fmax during the experiments. The rigidity mode of 22
GPa did not meet the required rigidity of 120 GPa.
2. For the low rigidity mode of the demonstrator; the intended rigidity of ≤5 Gpa corresponded with a tensile force of 7 N based on the experimental results. This determination was done based on the average transverse force Fmax during the experiments.
Experiment versus estimation - Rigidity
25

Rigidity E (GPa)

20

15

Estimated rigidity

Experimental rigidity (average)

10

5

-

-

5

10

15

20

25

Compressive force Fa (N)

Figure 5-7: The relation between the rigidity E (GPa) of the demonstrator that was determined
via experimental values of the transverse load Fmax (mN) and calculated values of the transverse
load Fmax (mN). For the maximum transverse load, the average values were used.
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5-3-3

Dimensions of the demonstrator

The variable rigidity segment of the demonstrator enabled omnidirectional bending with a
curvature of ≈ 75◦ , which coincides to a bending radius of 25 mm. When weights were added
to the distal end of the pull wire, the VRS of the demonstrator could be placed in a variety of
configurations. Fig. 5-8 shows the VRS of the demonstrator in a bend configuration. If the
VRS of the demonstrator was forced in a shape with a bending radius larger than 25 mm, it
would not move upon release of the VRS.
The attainable bending radius of the VRS of the demonstrator did not correspond to the
intended bending radius; 25 mm versus 9.345 mm. Based on to the bending radius of the
VRS of the demonstrator, each cylinder rotated 1.5◦ opposed to the intended 4.286◦ where the
cylinders were designed for. Therefore, the dimensions of two cylinders were determined with
a 300-GL TESA-VISIO precise optical measuring device (TESA corp, Renens, Switzerland).
The results of the dimensional-measurements on the two cylinders were added in Table 5-4
Calculated
Height cylinder with top surface
Height cylinder whitout top surface
Diameter cylinder
Diameter central hole

0.752 mm
0.7 mm
0.7 mm
0.3 mm

Measurement 1
0.771
0.701
0.696
0.289

mm
mm
mm
mm

Measurement 2
0.769
0.680
0.680
0.282

mm
mm
mm
mm

Average offset
0.770
0.691
0.688
0.286

mm
mm
mm
mm

Percentile offset
2.4%
1.3%
1.7%
4.7%

Table 5-4: Measurements on two cylinders for validation of the dimensions.

(a)

(b)

Figure 5-8: (a) The Variable Rigidity Segment (VRS) of the demonstrator in a bend configuration. (b) A close-up of the VRS in a bend configuration
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The results in Table 5-4 demonstrate that the dimensions of the cylinders in the demonstrator
deviate opposed to the dimensions that were included in the calculation.
The diameter of the central hole of the cylinders was related to the rotational freedom of the
cylinders according to eq. 5-7:


Rh = Rc sinα +

Rpw
cos α



(5-7)

Where Rh indicates the radius of the central hole; Rc the radius of the contact surface of
the cylinders; Rpw the radius of the pull wire; Rh the size of the central hole and angle α
the rotation of cylinders. Solving for eq. 5-7 with the average offset diameter for the central
hole Rh = 0.286
mm; Rc = 1 mm and Rpw = 0.075 mm provides a rotation of cylinders α =
2
3.7◦ , which is more than the measured rotation between cylinders for the demonstrator α =
1.5◦ . Causes for the limited rotation between cylinders in the demonstrator might be that
the central holes of other cylinders than the two that were measured, were even smaller than
the average offset = 0.282 mm. An other cause might be that the radii of the contact surfaces
of cylinders were larger than 1 mm. The radii of the contact surfaces of cylinders were not
measured because there was no adequate equipment to do so. Additionally, based on close-up
photo’s of the cylinders was noted that some cylinders were not mutually rotated (visible in
Fig. 5-8b. Inadequate rotation of cylinders could have also happened during measurements
on the curvature of the VRS.
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Conformity with the requirements specification

The list of requirements was added below, which included conformity of the demonstrator to
the individual requirements. Requirements that were marked with “Not Applicable” (NA)
could not be tested because the demonstrator did not embody the concerning requirement.
Requirements
OPERATIONAL PERFORMANCE
Physical characteristics
Geometry
Diameter/breadth: ≤ 0.889 mm
Length: 280 cm
Attainable bending radius (transverse axis): <9.345 mm
Sections
Shall contain a Variable Rigidity Segment in its distal 270-280 cm
Shall contain a manipulator for controlling the VRS in its proximal 0-5 cm
Shall contain a display for the rigidity mode in its proximal 0-5 cm
Forces
Bending stiffness 5-270 cm: 150 (Nmm2 )
The VRS shall be 5 GPa in low rigidity mode
The VRS shall be 120 GPa in high rigidity mode
Performance parameters
Kinematics
Enables omnidirectional bending over the transverse axis (snake-like)
Rigidity control
Enables transferring energy from a manipulator, towards the VRS
Energy insertion shall effectuate a rigidity change in the VRS
Energy withdrawal shall effectuate a rigidity change in the VRS
A constant energy effectuates a constant rigidity in the VRS (over time)
A rigidity change shall not inflict movement
A rigidity change shall be possible independent of the configuration
A rigidity change shall be uniform in the VRS
A rigidity change shall be effective immediately
A rigidity change shall be possible >3 times in sequence
The rigidity mode shall be extracted from the VRS
The rigidity mode shall be transferred towards the display
The rigidity mode shall be displayed
User interface
Man-machine relationship
Enables the insertion and withdrawal of energy via a manipulator
Clarity of interface
The display of the rigidity mode shall not be interpretative

Tested

Conformity

Quantity

Yes
NA
Yes

Yes

0.8

Yes

25 mm

NA
Yes
Yes

Yes
No

5 GPa
24 GPa

Yes

Yes

NA
NA
NA

NA
Yes
Yes
No
Yes
Yes
No
Yes
Yes
NA
NA
NA

Yes
Yes

NA
NA

OPERATIONAL SAFETY
The performances shall not be adversely affected during use
No leaking of unwanted outputs of energy or substances
Undesirable side-effects must constitute an acceptable risk
The design and construction shall be inherently safe

NA
No
No
NA

MANUFACTURING PROCESS
Readily producible

Yes

S.B. Knippenberg

Yes
Yes
No
Yes
Yes

Yes
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Discussion
6-1

Introduction

With renal artery catheterization during endovascular surgery, a catheter is shoved over a
guide wire into a renal artery. When the renal arteries are angulated ≤ 50◦ , the catheter and
guide wire are prone to deflect out of the renal artery in direction of the heart (i.e. proximal).
If the proximal aortic deflection comes as far that the catheter and guide wire are retracted
from the renal artery, renal artery catheterisation has to be re-attempted.
A force equilibrium of catheterisation in a renal artery was made to determine the causes
for proximal aortic deflection of catheters and guide wires. It was concluded that a bendingstiffness ratio between a catheter and a guide wire, wherein the catheter is too soft and/or the
guide wire is too stiff, was a cause for proximal aortic deflection. The force equilibrium was
limited to a two dimensional analysis, because a three dimensional analysis was not considered
to add value.
To prevent the foregoing problems, the suggestion was done to develop a guide wire that
comprises of a distal segment from which its rigidity could be controlled and varied between
a low- and high rigidity mode. This project was dedicated to taking a first step in the
development of a VRGW. Therefore, the first goal was set to be:
1. Develop a variable rigidity guide wire that comprises of a variable rigidity
segment
The variable rigidity guide wire should—as the name suggests—exhibit variable rigidity properties. However, it was not the goal to develop a VRGW that is fully suitable for endovascular
use at this early stage of development. The VRGW should enable the user to control the
rigidity in the variable rigidity segment. Whereby control over rigidity was considered to encompass receiving feedback on rigidity and the ability to manipulate the rigidity. Therefore,
the second goal was set to be:
2. Establish rigidity control over the variable rigidity segment
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6-2

Discussion

Requirements specification

In the requirements specification, the rigidity modes for the Variable Rigidity Segment (VRS)
were based on the bending stiffness of 5 commonly used guide wires. For a more accurate
rigidity range of the VRGW though, it would have been more appropriate to measure the
bending stiffness of distal sections of catheters to determine the low rigidity mode. Since
the low rigidity mode of the VRGW should have been lower than the bending stiffness of
the catheter. Simultaneously for the high rigidity mode; it would have been appropriate
to determine the bending stiffness of balloon expandable stents. It is uncertain how the
high rigidity value of 120 GPa—which was chosen for the high rigidity mode—relates to the
bending stiffness of balloon expandable stents.
Some of the requirements concerning rigidity control in the requirements specification were
left vague with terms like “transferring energy”. The vague formulation of some requirements
was a result from the fact that the design direction to create variable rigidity behavior was
not yet chosen. Thus, a specific formulation for “rigidity control”-requirements could not
be made. The requirement specification could have been formulated in more detail, when
a design direction was chosen for the variable rigidity mechanism on forehand of compiling
the requirements specification. The result was noticed in Chapter four - the design of a
laced cylinders concept, where requirements needed specification to form sub-solutions in the
morphological matrix.

6-3

Variable rigidity mechanisms

The focus for the literature and patent search on variable mechanisms, was put on medical
guide wires to find mechanisms that are readily miniaturized. In hindsight, putting the
focus solely on medical guide wires was an inherent limitation to finding a broad overview of
variable rigidity mechanisms. Mechanisms that are used outside the medical field could have
been appropriate too.
The laced beads concept was regarded the most feasible concept to enhance the rigidity in the
VRS, because it consisted of rigid structures that could be collectively compressed into one
segment. Therefore, the structures needed to be characterized by a high elastic modulus E
(N/mm2 ) and a high friction coefficient. In that way, if the structures would be compressed
into one segment, the rigidity of the individual structures would coincide with the rigidity of
the segment. The friction forces between the structures though, would need to be sufficient
to prevent structures from shoving. In this section, the design direction was converged to
controlling and varying rigidity, by the compression of structures via human power.

6-4

Design of the laced cylinders concept

A concept of laced cylinders was designed that consisted of four segments: a Variable Rigidity
Segment (VRS); a shaft; a locking system and a handle. The VRS was made up from a stack
of cylindrical structures with curved contact surfaces between the structures. The curved
contact surfaces enabled bending of the VRS because the structures were essentially rotated
over one another. The cylindrical structures were stacked upon the shaft of the laced cylinders
S.B. Knippenberg
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concept. Compression of the cylinders was realized by a pull wire; that ran on the inside of
the laced cylinders concept from the most distal cylinder to the proximal side of the concept—
where the pull wire was attached to a handle. By pulling the handle, the cylinders in the
VRS were pressed on the shaft and thus the rigidity of the VRS was increased.
During design of the laced cylinders concept, major attention was given to the sizing and
the materialization of the cylinders, to realize variable rigidity characteristics. Therewith,
the embodiment and materialization of the shaft, the locking system and the handle, were
considered less of a priority.
To enable manufacturing of the cylinders with a height and diameter of 0.7 mm, the preferred
material for the cylinders was brass (metal alloy from copper and zinc). The sizing of the
cylinders was established by relating the compressive stress σc in a cylinder with the following
sizing variables: The radius of the contact surface Rc ; the radius of the pull wire Rpw ; the
radius of the central hole Rh and the wall thickness Wt . From this relation, a radius of contact
surface Rc of 1 mm was chosen for the following reasons:
• The maximum width (Mw ) of 0.77 mm for mutually shoved cylinders was acceptable,
because it was less than the pre-defined limit for the diameter; ≤ 0.889 mm.
• The compressive stress in the cylinder of σc = 153 (N/mm2 ) was permissible because
it was less than the yielding stress of brass = 180 (N/mm2 ). The wall thickness of the
cylinders (0.2 mm) and the central hole diameter (0.3 mm) were sized according to the
permissible compressive stress and the radius of the contact surface.
To determine whether cylinders would shove upon tension of the pull wire without external
loading, a mechanical analysis was done. The mechanical analysis involved a relation between
sizing variables of the cylinder and the friction coefficient of the material µ—via the engagement angle of the pull wire θ. The results showed that the calculated friction coefficient µ =
-0.124 was smaller than the friction coefficient of the brass cylinders: µBrass = 0.15. Thus,
was predicted that the cylinders would not shove upon tensioning of the pull wire. For the
cylinders to start shoving, the rotation between cylinders would need to be α ≥ 8◦ (with the
engagement angle of the pull wire θ ≥ 5◦ ).

6-5

The manufacturing and testing of a demonstrator

A demonstrator was manufactured to determine the feasibility and the functionality of the
laced cylinders concept. The demonstrator consisted of the stack of laced cylinders and
a base tube that enabled fixation of the demonstrator. With testing, the stack of laced
cylinders of the demonstrator was subjected to a transverse force at the distal end, whilst
the pull wire was tensioned by the addition of weights. While the weight on the pull wire
was consecutively increased, the transverse force was applied by a tensile testing machine.
For each weight, three measurements were performed. The transverse force that could be
applied to the demonstrator was compared with an estimation of the transverse force via a
mechanical analysis.
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6-5-1

Experimental rigidity

The tensile force on the pull wire was regarded to be equal to the compressive force between
the cylinders. By analysis of the relation between the transverse force Fmax (mN) and the
compressive force Fa (N) on the demonstrator, was noticed that there was a standard deviation between measurements. The correlation between the three measurements however,
was high; R≈ 0.98. Analysis of the relation between the transverse displacement w (mm) of
the tip of the demonstrator and the transverse force Fmax (mN) has shown that the transverse forces drop because the cylinders shove. The shoving of cylinders at different transverse
forces between measurements was found to be the reason for dispersion between measurements. For the third measurements, was found that the friction coefficient was overall higher,
which corresponded to the fact that higher transverse forces were measured during the third
measurement. The higher friction forces for measurement three, could be explained by the
dependence of frictional forces on the duration of rubbing [8]. As the duration of rubbing increases, the friction coefficient increases; caused by wearing of foreign substances (e.g. moist,
debris and oxidation) [8]. Additionally, the geometry of the variable rigidity segment and thus
the mutual positioning of cylinders shall have varied between measurements, which could also
have influenced the shoving of cylinders.
When the friction force between the cylinders is sufficient; the cylinders fixate mutual and
bending of the variable rigidity segment is due to elastic properties of the material. When
the friction force between the cylinders is insufficient; the cylinders shove, until shoving is
prevented by intertwining of the pull wire. Hence, the rigidity of the demonstrator was
dictated by the tensile force in the pull wire.

6-5-2

Estimated rigidity versus experimental rigidity

Although the correlation between the experiments and the estimation was high; R≈ 0.98,
the experiments could not be valued on significance for the lack of measurements (n=3).
Therefore, the rigidity modes for the demonstrator were arbitrarily determined to be:
1. For the high rigidity mode of the demonstrator; a rigidity of 22 GPa was determined
as function of 21 N tensile force in the pull wire. This determination was done based
on the average transverse force Fmax during the experiments. The rigidity mode of 22
GPa did not meet the required rigidity of 120 GPa.
2. For the low rigidity mode of the demonstrator; the intended rigidity of ≤5 Gpa corresponded with a tensile force of 7 N based on the experimental results. This determination was done based on the average transverse force Fmax during the experiments.

6-5-3

Dimensions of the demonstrator

The variable rigidity segment of the demonstrator enabled omni-directional bending with a
curvature of ≈ 75◦ , which coincides to a bending radius of 25 mm. Up to the bending radius
of 25 mm, the rigidity in the variable rigidity segment could be altered without inflicting
movement. The breadth/diameter of the variable rigidity segment during a maximal bend of
the VRS was ≈ 0.8 mm, which was within the maximum permissible diameter of 0.889 mm.
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Unfortunately, the bending radius of the VRS of the demonstrator did not correspond to
the intended bending radius; 25 mm versus 9.345 mm. Causes for the insufficient bending
radius were found to be: first; that the central holes of cylinders were manufactured too small,
second; radii of the contact surfaces of cylinders were larger than 1 mm; third, inadequate
rotation of cylinders during measurements on the curvature of the VRS.

6-6

The demonstrator versus guide wires

To put the rigidity of the demonstrator in perspective; the transverse force that could be
applied to the tip of the demonstrator was compared to those that could be applied to the
tips of five commonly used guide wires. Fig. 6-1 shows that the highest applied transverse
force on the demonstrator; 102 mN was not even half the transverse force that could be
exerted on the stiff Radifocus guide wire (Terumo) (263 mN).
The tensile force was determined for the demonstrator that would be required to withstand
a transverse force of 263 mN on its distal end. Therefore, the friction coefficient in the
demonstrator was assumed to be µ = 0.156; the average friction coefficient for the highest
tensile force (21 N) on the demonstrator during experiments. The tensile force was calculated
by substitution of the following values into eq. 5-2 and eq. 5-4: Diameter D = 0.7 mm; radius
of the contact surface Rc = 1 mm; friction coefficient µ = 0.156; length L = 33 mm. From
which a tensile force Fa = 53.4 N followed.
To effectuate the desired increase in rigidity, it would be demanding for a physician to apply
somewhat 50 N of force to a small-sized guide wire. However, insights were obtained through
the following analysis, from which was concluded that an increase of the friction coefficient by
Guide wires versus the demonstrator
Back-up Meier (Boston Scientiﬁc)

1,400

Supra core 35 (Abbott Vascular)

474

Radifocus, stiﬀ (Terumo)

263

Tensile force: 21 N
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Tensile force: 16 N
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61

Tensile force: 12 N
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Figure 6-1: Comparison of the transverse force that could be applied to the tip of the demonstrator and five commonly used guide wires
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altering the material of the cylinders would obviate the need for application of a high tensile
force. The results indicate that a tensile force of 24.3 N would suffice if the cylinders would
be fixated. There was elaborated further on increasing the friction forces between cylinders
in Chapter 7 - Conclusions & Recommendations. The mechanical analysis was added below
for the interested reader.
Consider the variable rigidity segment in Fig. 6-2, where it was unilaterally clamped and
loaded with a transverse force Fmax at the distal end. The variable rigidity segment was
assumed to rotate around point S; on the bottom corner of the base cylinder due to insufficient
friction forces. The counterclockwise moment as a result from the tensile force on the pull wire
and the clockwise moment as a result from the transverse force were calculated as followed:
Mcounterclockwise = Ftensile Rcylinder = 18.7N mm

(6-1)

Mclockwise = Fmax L = 8.5N mm

(6-2)

The previous moments were calculated by substitution of the following values: Tensile force
on the pull wire Ftensile = 53.4 N; Radius of the cylinder Rcylinder = 0.35 mm; transverse force
Fmax = 263 mN and the length L = 32.3 mm.

Figure 6-2: The variable rigidity segment that was unilaterally clamped with a transverse force
Fmax to the distal end. The VRS was assumed to rotate with respect to rotation point S on the
base cylinder. The tensile force that was added to the pull wire was indicated by Ftensile ; the
length of the variable rigidity segment (minus the base cylinder) with L; the radius of the cylinder
Rcylinder
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7

Conclusions & Recommendations
The conclusions for this project were drawn on the basis of the goals that were set in the
introduction of this thesis. The first goal of this project, was the following:
1. Develop a variable rigidity guide wire that comprises of a variable rigidity
segment
The laced cylinders concept that was designed in this project consisted of four segments: a
variable rigidity segment; a shaft; a locking system and a handle. Unfortunately, the laced
cylinders concept lacked materialization and mechanical analysis of the shaft, the locking
system and the handle, which are elemental parts of the variable rigidity guide wire. In
conclusion, the first goal in this project was not entirely met. The variable rigidity segment
though, was designed in detail and its feasibility has been proven via manufacturing and
testing of a demonstrator, which led to the following conclusions:
1. The laced cylinders concept has met the requirement for omnidirectional bending.
2. The demonstrator has shown the importance of precise manufacturing, such that the
intended dimensions of cylinders can be met. The test-results have shown a maximum
curvature for the demonstrator of ≈ 75◦ , which was not sufficient. The limitation of
≈ 75◦ curvature of the demonstrator has shown to be a result of dimensional offsets in
the manufacturing process. This proves the delicacy of the design and further research
is recommended to determine the tolerances for the permissible dimensional offsets.
3. Up to the bending radius of 25 mm, the rigidity in the variable rigidity segment could
be altered without inflicting movement.
In conclusion; the creation of a variable rigidity guide wire has therefore been advanced by
the achievements in this project.
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The second goal of this project was the following:
2. Establish rigidity control over the variable rigidity segment
Controlling the rigidity in the variable rigidity segment was considered to encompass the
following aspects: extract the rigidity; receive feedback on the rigidity and manipulate the
rigidity. The extraction of rigidity from the variable rigidity segment and acquiring feedback
on the rigidity in the variable rigidity segment were not accomplished in this project. Therefore, full rigidity control over the variable rigidity segment was not established. However,
manipulation of the rigidity in the variable rigidity segment was accomplished.
A moment balance has shown that the tensile forces that were applied on the pull wire during experiments, were double the tensile forces needed to withstand the transverse force on
the distal end of the demonstrator. This indicates that the friction coefficient between the
cylinders was insufficient. As a result, the cylinders shoved and the rigidity of the demonstrator became dependent on the tensile force in the pull wire. For an estimated tensile force
of ≤ 21 N, the friction forces between the cylinders were insufficient and the rigidity of the
demonstrator became unpredictable. For tensile forces ≥ 21 N on the pull wire, the friction
forces were sufficient for fixation of the cylinders and the rigidity in the demonstrator was
predictable. Summarizing, the estimation of rigidity in the demonstrator was difficult where
the friction forces were insufficient to fixate cylinders; a result of the dependence of frictional
forces on surface conditions.
In conclusion, the friction force between the cylinders is the primary parameter for rigidity
control and proper estimation. The estimations on rigidity in the demonstrator correlated
highly (R≈ 0.98) with the experimental rigidity. Although the results were obtained with
few measurements (n=3), the high correlation indicates that the estimator is a good tool for
determining the rigidity in the variable rigidity segment. However, more measurements are
required for proper validation of the estimator.
The estimation of rigidity in a variable rigidity guide wire, which is placed in the vascular
system would be even more of a challenge. A study is required on how to adjust the cylinders,
such that friction forces between cylinders are maximal in an endovascular environment.
During endovascular use, feedback to the user could be done by linking the rigidity in the
distal segment to the position of the handle that the user manipulates. The deviation of
friction forces should be incorporated when linking the rigidity level to the position of the
handle. For the high rigidity mode, the lowest possible friction forces between cylinders
should correspond to a rigidity of ≥ 120 GPa. Vice versa for the low rigidity mode; where the
highest possible friction forces should correspond to ≤ 5 Gpa. Therefore, significance should
be demonstrated to assure functionality and safety of the variable rigidity guide wire.
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Experiment: Renal artery
catheterization in a silicone aortic
model
Silicone aortic model
Renal artery catheterisation was performed in a silicone aortic model to get insights in interrelated kinematics between guide wires and catheters. The silicone aortic model was a
representation of the thoracic, abdominal and pelvic arteries. The model was filled with
water of 37 ◦ C, which was supplied via a series of tubes. The tubes were attached on the peripheral sides of the silicone aortic model via plugs. Guide wires and catheters were introduced
in the silicone aortic model via the right iliac artery, which contained a valve.
Method
In this experiment, three catheterisations of a left renal artery were performed with a 3 Fr.
floppy Radifocus guide wire (Terumo Corp., Tokyo, Japan) and a 5 Fr. VanSchie 4 multipurpose catheter (Cook Corp., Bloomingdale, IN, USA). The VanSchie 4 catheter was used for
this experiment because the angle of its distal curved section was 90◦ , which approximates the
left renal artery take-off angle of 95◦ in the aortic model. Prior to insertion of the Radifocus
guide wire and the VanSchie catheter in the silicone aortic model, the VanSchie catheter was
flushed with water to limit friction with the Radifocus guide wire. The VanSchie catheter was
inserted in the silicone aortic model and positioned with its tip in the orifice of the left renal
artery as shown in Fig. A-1. Subsequently, the Radifocus guide wire was pushed through
the VanSchie catheter and cannulated inside the renal artery to a depth of circa 8 cm. After
the VanSchie catheter was passed in the renal artery for ± 5 cm, attempts were made to exchange the Radifocus guide wire for a 3 Fr. stiff Hi-Torque Supra Core 35 guide wire (Abbott
Vascular Corp., Santa Clara, CA, USA). To prevent further advancement of the Radifocus
guide wire into the renal artery, the Radifocus guide wire was fixated by hand. Thereafter,
attempts were done to catheterize the left renal artery.
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Observations
When advancing the Radifocus guide wire through the VanSchie catheter during catheterisation, the curved distal end of the VanSchie catheter straightened as the tip of the guide
wire protruded from the tip of the catheter. Advancement of the VanSchie catheter into the
renal artery was complicated with endorenal advancement of the Radifocus guide wire. In two
catheterisation attempts, the Radifocus guide wire encountered a plug in the distal end of the
left renal artery in the silicone aortic model. Upon encountering the plug on the peripheral
side of the renal artery with the Radifocus guide wire, the VanSchie catheter did not enter the
left renal artery. Instead, as a result from pushing the VanSchie catheter, the distal curved
section of the vanSchie catheter bended into the suprarenal aorta as the distal curved section
of the VanSchie catheter butted against the orifice of the left renal artery.
Fig. A-2a displays bending of the distal curved section of the VanSchie catheter into the
suprarenal aorta. Continuous pushing of the VanSchie catheter led to withdrawing the tip of
the catheter from the renal artery. Renal artery access loss from the Radifocus guide wire and
VanSchie catheter is shown in Fig A-2b. Retracting the Radifocus guide wire to prevent the
guide wire from encountering the plug in the left renal artery, resulted in successful catheterisation with the VanSchie catheter. After catheterisation, the stiff Hi-Torque guide wire was
advanced trough the VanSchie catheter into the left renal artery without difficulties.
Insights and discussion
Cannulation of the VanSchie catheter with the Radifocus guide wire resulted in straightening of the distal curved section of the VanSchie catheter. Straightening of the VanSchie
catheter was probably caused by a larger bending stiffness of the Radifocus guide wire than
the VanSchie catheter. Endorenal advancement of the Radifocus guide wire indicated that the
proximal end of the Radifocus guide wire was insufficiently manually fixated whilst advancing
the VanSchie catheter. Fixation at the proximal end of the Radifocus guide wire was done
without the use of latex gloves. Not using latex gloves has impaired the grip on the Radifocus
guide wire during fixation. To represent catheterisation in vivo more accurately and avoid
faults like endorenal advancement of catheters, it would have been wise to let a physician perform catheterisation in this experiment. The friction coefficient between a catheter and blood
vessel influences the course of a catheter during catheterisation [15]. In silicone aortic models,
the frictional resistance is higher for guide wires and catheters in comparison to blood vessels
[39]. High frictional resistance in silicone models is mainly due to the low elasticity of silicone
walls in comparison to blood vessel walls [24]. The previous factors might have influenced the
courses of the VanSchie catheter and guide wires such that no conclusions could be drawn on
causation for proximal aortic deflection of guide wires and the VanSchie catheter.
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Figure A-1: Prior to cannulation of the left renal artery with a Radifocus guide wire, the VanSchie
catheter was positioned with its tip in the orifice of the left renal artery

(a) Endovascular access

(b) Introducer sheath

Figure A-2: (a) When the Radifocus guide wire encountered the plug at the distal end of
the renal artery, the Radifocus guide wire and VanSchie catheter bended suprarenal. (b) Upon
continuous pushing of the VanSchie catheter, renal artery access was lost with the guide wirecatheter combination
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B

Experiment: Catheter deformation
Introduction
Guide wires have lower stiffness’ in their distal ends in comparison to their proximal shafts
to effectuate a-traumatic distal ends [23, 6]. Therefore, deformation of distal curved sections
of catheters is dependent on the extend to which guide wires and catheters are slid over each
other. A degree measurement was done were tips of guide wires protruded from catheter tips
0 − 0.5 cm and ±8 cm. When the tip of a guide wire extends 0 − 0.5 cm from the tip of a
catheter, it corresponds to the phase were the guide wire has just entered the renal artery for
cannulation. When the tip of a guide wire extends ±8 cm from a catheter tip, it corresponds
to the phase where the guide wire is cannulated ±8 cm in a renal artery and catheterization
is about to be performed.
Guide wires and catheters
A VanSchie multipurpose catheter and a SHeperd Hook (SHK) 1.0 visceral catheter (both
Cook Corp., Bloomingdale, IN, USA) were cannulated with three different guide wires. The
guide wires used for this experiment were added in Table B-1. The SHK1.0 catheter and the
VanSchie catheter were used because they are constructed similar (1.67 mm / 5 Fr in diameter
and made of polyurethane with a stainless steel braid), but have different distal curvatures.
Hence the effect of variety in distal catheter shape was integrated in this experiment. The
distal curvature of the VanSchie catheter was 3 cm in length and the distal curvature of the
SHK1.0 catheter was 5 cm in length.
Method
Fig. B-1 displays the set-up for measuring the degree of deformation of catheters upon guide
wire cannulation. Catheters were stuck with tape onto a cupboard surface with their straight
proximal shafts. The curved black section of catheters was free to move along the surface of
the cupboard. A protractor was drawn where a 0◦ angle corresponded to tips of catheters in
un-deformed shape. A 90◦ angle corresponded to a fully straightened shape of catheters and
aligned with the straight proximal shaft of the catheters. An aorta (diameter: ±25 mm) with
left- and right renal artery (diameter: ±6.4 mm) were drawn on the cupboard to put catheter
deformation in perspective to the renal artery and aorta [10]. Guide wires were wetted with
water to ease insertion into catheters.
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Guide wire

Radifocus
Terumo
(Tokyo, Japan)
Floppy
0.889 mm
Nitinol
Polyurethane

Corporation
Type
Diameter
Core wire
Jacket
Coating

‘M’ polymer

Tip style
Tip length
Reference

J-shaped
3 cm
www.terumo-europe.com

Hi-Torque Supra Core 35
Abbott Vascular
(Santa Clara, CA, USA)
Stiff
0.889 mm
Stainless steel
?
Polytetrafluoroethylene
(PTFE)
straight
?
www.abbottvascular.com

Back-up Meier
Boston Scientific
(Natick, MA, USA)
Stiff
0.889 mm
Stainless steel
Helical spring
PTFE
C-shaped
10 cm
www.bostonscientific.com

Table B-1: Three types of guide wires that were used to determine deformation of the distal
curved section of a VanSchie 4 multipurpose catheter and a SHK1.0 visceral catheter (both Cook
Corp., Bloomingdale, IN, USA).

Results
The results were added in Table B-2. Fig. B-2 displays the distal curved section of a SHK1.0
catheter, which deformed 10◦ due to 0 - 0.5 cm cannulation and 60◦ due to ± 8 cm cannulation
with the Floppy Radifocus guide wire.
Discussion
The deformations of the distal curved sections of catheter was dependent on the ratio of
bending stiffness between the catheters and the guide wires. Since the distal 3 cm of the
VanSchie catheter did not deform during cannulation of guide wires up to 0 − 0.5 cm, was
concluded that the VanSchie catheter has a higher bending stiffness than the guide wires in its
distal 3 − 3.5 cm. The SHK1.0 catheter had a distal curved section of 5 cm, which deformed
5◦ − 10◦ during cannulation up to 0 − 0.5 cm for all guide wires. Apparently, the distal 5 cm of
a SHK1.0 catheter is less stiff than the distal 5 cm of the guide wires used in this experiment.
Deformation of catheters upon ±8 cm guide wire cannulation indicated that the guide wires
are stiffer in their distal 8 cm than catheters were. Based on the results in Table B-2 could
not be concluded that the distal curved section of a catheter influences catheter deformation
upon cannulation with guide wires. Independent of the guide wire used, the VanSchie and
SHK1.0 catheter were insufficiently stiff to direct guide wires into a renal artery.

VanSchie catheter
0 − 0.5 cm

Guide wire

±8 cm
30◦

0 − 0.5 cm
5◦

Floppy Radifocus
Stiff Hi-Torque Supra Core 35

0◦

55◦

5◦ − 10◦

65◦ − 70◦

Stiff Back-up Meier

0◦

80◦

10◦

85◦ − 90◦

−

10◦

±8 cm

0◦

−

35◦

SHK1.0 catheter
60◦

Table B-2: Results of the degree measurement were tips of guide wires protruded from catheter
tips 0 − 0.5 cm and ±8 cm
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Figure B-1: The measurement set-up with a SHK1.0 catheter (Cook Corp., Bloomingdale, IN,
USA) (1.) as example. The straight section of the catheter was fixated to a cupboard surface
with tape. The curved black section of the catheter (2.) was free to move at guide wire insertion
along the protractor. An aorta (4.) with left- (6.) and right (5.) renal artery were drawn around
the catheter on the cupboard. The tip of the catheter (3.) was positioned in the orifice of the
‘left renal artery’, corresponding to the position of a catheter prior to cannulation of the left renal
artery with a guide wire

(a)

(b)

Figure B-2: Straightening of a SHK1.0 catheter (Cook Corp., Bloomingdale, IN, USA) due to
cannulation with a Radifocus guide wire (Terumo Corp., Tokyo, Japan) up to 0 − 0.5 cm (a) and
±8 (b).
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Experiment: Bending stiffness of guide
wires
To determine the range in rigidity for the VRS, the bending stiffness’ of five commonly used
0.889 mm guide wires were experimentally determined. The guide wires were added in Table
C-1.

C-1

Method

Experimental set-up
From each guide wire, a piece of shaft was cut and glued to a beam of aluminum (Fig. C-1a).
Each piece of guide wire was perturbed at 33 mm from the place where it was glued to the
aluminum beam by a perturbator on a tensile testing machine (Zwick Z010). A load cell
was attached to the pertubator as shown in Fig. C-1b to determine the amount of force
(mN) it took to deform the pieces of guide wire. The load cells were a 20 gram and a 9 N
mini S-beam load cell (both Futek, model; LSB200). For each measurement, the perturbator
was lowered to the position where the pertubator was just about to contact a piece of guide
wire; the starting position. From the starting position, the pertubator was lowered 5 mm, at
Nr.

Guide wire

1.

Radifocus

2.

Emerald

3.

Radifocus 2

4.

Supra core 35

5.

Back-up Meier

Corporation
Terumo
(Tokyo, Japan)
Cordis
(Miami Lakes, Florida, USA)
Terumo
(Tokyo, Japan)
Abbott Vascular
(Santa Clara, CA, USA)
Boston Scientific
(Natick, MA, USA)

Type

Core type

Core material

Ref.

Floppy

Fixed

Nitinol

[51]

Standard

Movable

Not provided

[11]

Stiff

Fixed

Reinforced stiff
tapered Nitinol

Extra support

Fixed

Stainless steel

[13]

Stiff

Fixed

Stainless steel

[12]

Table C-1: The five guide wires that were used to determine the range of rigidity for the variable
rigidity segment.
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(a)

(b)

Figure C-1: Experimental set-up: (a) From each guide wire, a piece of shaft was cut and glued to
a beam of aluminum. (b) The pieces of guide wire were perturbed at 33 mm from the aluminum
beam by a pertubator that was attached to a mini S-beam load cell (Futek, model; LSB200).

a lowering speed from the tensile testing machine of 5 mm/min. To determine the bending
stiffness’ from the pieces of guide wire, the guide wires were considered cantilever beams, with
a concentrated load F at the free end.[22] The following formula was used, with l= length
(33mm) and the w= transversal displacement corresponding to the maximal transversal force
Fmax .
EI =

Fmax l3
3w

(C-1)

Data acquisition
Prior to the experiments, the load cells were calibrated by taking into account the force (mN)
to Voltage (V) ratios of the load cells. The output of the mini S-beam load cells (Futek,
model; LSB200) was obtained in mV and was amplified by an analog signal conditioner (0-10
V - 4-20 mA CPJ, Scaime). The calibration graphs for the 9 N load cell and the 20 gram
load cell are displayed in Fig. C-2a & C-2b. The force (mN) to Voltage (V) ratios for the 9N
load cell (=126.86) and the 20 gram load cell (=20.885) were included in LabVIEW (National
Instruments) software, which was used to visualize and record the output from the load cells
and transfer the voltage into the corresponding force (mN). For data acquisition , a USB-6008
12-Bit, 10 kS/s Low-Cost (National Instruments) was used.
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Calibration 20 gram loadcell
250
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y = 126.86x - 2.1721
R² = 1
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Calibration 9N loadcell
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Figure C-2: Calibration graphs of the mini S-beam load cells (Futek, model; LSB200) to determine the force (mN) to Voltage (V) ratios

C-2

Results

F max (mN) for the five guide wires
1600
1400
1200

F max (mN)

1000
800
600

400
200
0
Radifocus, floppy
(Terumo)

Emerald, standard
(Cordis)

Radifocus, stiff
(Terumo)
Guide wires

Supra core 35 (Abbott
Vascular)

Back-up Meier
(Boston Scientific)

Figure C-3: The transverse loading F max (mN) for the five guide wires.
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Nr.

Guide wire

Fmax (mN)

w (mm)

EI (mNmm2 )

E (Gpa)

Load cell

1.
2.
3.
4.
5.

Radifocus, floppy (Terumo)
Emerald, standard (Cordis)
Radifocus, stiff (Terumo)
Supra core 35 (Abbott Vascular)
Back-up Meier (Boston Scientific)

55
61
263
474
1400

4.5
4.5
4.4
4.6
4.5

148,517
163,388
715,263
1,234,952
3,726,994

4.8
5.3
23.3
40.3
121.6

20 gram
20 gram
9N
9N
9N

Table C-2: Testresults

C-3

Discussion

Initially, the measurement of the stiff Radifocus guide wire (Terumo) was done with the
20 gram load cell (Futek, model; LSB200), but because the loading maximum to measure
trustfully (= 200 mN) was exceeded by 63 N, there was switched to the 9 N loadcell (Futek,
model; LSB200). The measurement of the 20 gram load cell and the 9 N load cell turned out
to be similar.
The 9 N load cell (Futek, model; LSB200) was calibrated to measure 1400 mN maximum,
which was exceeded by the Back-up Meier guide wire (Boston Scientific). Hence, the Back-up
Meier guide wire (Boston Scientific) has a higher bending stiffness than 1400 mN.

C-4

Conclusion

The rigidity of the variable rigidity segment shall be variable between 5 Gpa and 120 Gpa.
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Requirements checklist

Operation Process

Operational Performance

Identify what functions occur in each
Type and Mode of Use:

Physical characteristics:

intended use
special use
non-use (storage)
misuse (abuse)
Modes of Use
automatic
manual
on/off
standby
start-up/shut down
normal operating
saving
failure
recovery from failure
signals/warnings/fault alarms
operation in event of power loss
maintenance

Identify infrastructure requirements:
energy (electricity, gas, hydraulic power,
compressed air)
water and sewerage
cooling
communications (data, telecoms)

geometry
shape
size (height, breadth, length, volume,
diameter)
space requirement
maximum dimensions
weight
operating temperature range
operating pressure range
forces (magnitude, direction, frequency,
resonance effects)
aesthetics
appearance
finish
colour
texture
materials
prescribed materials
corrosion resistance
physical and chemical properties
coating requirements
chemical compatibility (cleaning
agents)
bio-compatibility
sterilisation needed

accuracy
repeatability
response time
quietness
expected lifetime
working life – number of operations or
hours of operation
shelf life
total life span
for manufacturing: production rate
for manufacturing: scrap rate

User Interface:
man-machine relationship
operator skill/training requirements
clarity of interface
operator input
product output
visual displays in all lighting conditions
visual instructions
guidance/prompting for user
feedback to user
display language
ergonomics
height and reach
lighting
posture of operator
operator fatigue

Performance parameters:
speed of operation
cycle time/run time
capacity
load handling
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Requirements checklist

User Interface (continued):
access levels to controls
maintenance
system development (programming)
Guidance:
AAMI HE48 Human factors engineering guidelines
and preferred practices for the design of medical
devices

External Interfaces:
signals (sensors, control equipment, displays)
type (electronic, pneumatic, hydraulic)
transmission standards (analogue, digital, serial,
parallel)
audible signals
volume
option to mute

Adaptability:
compatibility with existing equipment/previous
products
design features for future expansion
capacity for future expansion
likelihood of future enhancements
ease of modification

Availability:
acceptable downtime
mean availability
MTBF (operating time)

Reliability:
level of reliability required
MTTF (operations or hours of operation before
failure)
Mean elapsed time between failures
possible failure mechanisms
inherent weakness
misuse
wear
corrosion
stress corrosion
ageing

Working environment:
geographic locations
ambient temperature range
humidity range
external pressure
vibration and shock
ventilation
permitted noise level
dust and dirt (IP rating)
gases and vapours
corrosion from fluids
EMC
for machinery:

Operational Safety
Check that product conforms with
relevant safety regulations
– see Appendix 3 for details:
Medical Device Directives
Machinery Directive for moving parts
Electrical Device Safety Standards and
Requirements
Machinery Safety Regulations

Product safety:
safety hazards in use
safety factors
preventive measures to safeguard against
hazards
warning labels
fault alarms/warnings
fault hierarchy

Environmental impact – lifetime
considerations:
energy consumption
consumables used
effluent disposal
cleaning/sterilisation

clean room requirements
environmental monitoring during use
microbiological controls during use
effluent measurement and disposal
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Manufacturing Process
Preferred methods:
available processes and related design
constraints
processes available via subcontractors
technology options
manufacturing philosophy (batch, semi-batch,
dedicated line, JIT)

Means of production:
production outputs
products
parts
documentation
availability of supplies
raw materials
components
availability/limitations of resources
equipment
competent staff

Product testing:
definition of properties to be tested (dimensions,
performance, colour)
define acceptance criteria
type of test
pass/fail
correct or repair
destructive/non-destructive
drop test (height, surface, number of
times)

amount of product to be tested
one-off
100%
none (customer can exchange defective
product)
sample basis (batch size, percentage,
modality)
destructive/non-destructive
availability of competent test personnel
direct labour regime

Packaging:
need for particular processes, for example,
vacuum packaging, product sterilisation
labelling requirements
label size
label content (product characteristics,
warnings)

Manufacturing schedule:
lead time required
set-up time
ramp up procedure and time
ramp down procedure and time
finish date

Economic Considerations:
cost of delay in manufacturing start-up
lost sales opportunity
additional start-up costs
cost of resources not being utilised
likelihood of operator error
confidentiality, particularly where novel
processes are being employed
identify those economic hazards that require risk
management

Regulations:
BS EN 980:1997, Graphical symbols for use in the
labelling of medical devices
IEC/TR 60878:1988, Graphical symbols for electrical
equipment in medical practice
CFR Title 21 - Food and Drugs, Part 801 Labelling,
Subpart A - General labelling provisions
Subpart H - Special requirements for specific
devices
CFR Title 21 - Food and Drugs, Part 809 In vitro
diagnostic products for human use,
Subpart B--Labelling

Manufacturing Performance
Adaptability:
use of existing product lines
need for new manufacturing lines
equipment
space
tooling
potential new capacity for other products
ability to manufacture future product variants or
different products

access requirements (through doors)
lifting facilities
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Appendix

E

Article- and patent search details
Articles Hits
Sub databases
Aerospace, Biosis, Compendex, Embase, Medline, Pascal, Pqscitech
Search terms
guide(-)wire* or guidewire* AND stiffness* or rigid* 190
Variable rigidity mechanisms
Selected on the basis of title 2

Patents
Sub databases
Hcaplus, uspatfull, uspat2, epfull, pctfull, wpindex
Search terms
guide(-)wire* or guidewire* AND stiffness* or rigid* AND variable or changeable or versatile or shift 544
Variable rigidity mechanisms
Selected on the basis of the summary of the invention 55

Table E-1: The sub-databases, search terms and the number of hits for the article- and patent
search.
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Morphological Map
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Morphological Map

Figure F-1: Subfunction 7—Maintain compression: Mechanism 1; Rotating rod.

Figure F-2: Subfunction 7—Maintain compression: Mechanism 2; Rotating clamps
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Figure F-3: Subfunction 7—Maintain compression: Mechanism 3; Pusher ring
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Appendix

Technical drawings laced cylinders
concept

Figure G-1: Technical drawing of the shaft of the laced cylinders concept
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Technical drawings laced cylinders concept

Figure G-2: Technical drawing of the shaft of the locking system. The shaft consists of two
longitudinal slots; one at the back of the rigid piece of shaft and one at the front.
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Figure G-3: Technical drawing of the piston of the locking system. The piston consists of two
protrusions that fit inside the slots of the rigid piece of shaft and that can be placed inside the
side-notches by rotating the handle 45◦ clockwise. Thereafter, the locking system is locked
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Appendix

H

Maximum width of two shoved
cylinders
Radius Rc
(mm)

Angle α
(rad)

Angle β
(rad)

Angle θ
(rad)

Height Y
(mm)

Translation T rbig
(mm)

Translation T rsmall
(mm)

Max. Width Mw
(mm)

0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8

0.075
0.075
0.075
0.075
0.075
0.075
0.075
0.075
0.075
0.075
0.075
0.075
0.075
0.075
0.075

1.065
0.775
0.623
0.524
0.453
0.399
0.358
0.324
0.296
0.273
0.253
0.236
0.221
0.207
0.196

1.140
0.850
0.698
0.598
0.528
0.474
0.432
0.399
0.371
0.347
0.327
0.310
0.295
0.282
0.270

0.027
0.027
0.028
0.028
0.028
0.028
0.029
0.029
0.029
0.030
0.030
0.030
0.031
0.031
0.031

0.013
0.026
0.035
0.044
0.053
0.061
0.069
0.077
0.085
0.093
0.100
0.108
0.116
0.123
0.131

0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002

0.715
0.728
0.738
0.746
0.755
0.763
0.771
0.779
0.787
0.795
0.803
0.810
0.818
0.826
0.833

Table H-1: The maximum width Mw between two cylinders for a rotation α = 4.286◦ for Radii
of contactsurfaces Rc 0.4-1.8 mm
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I

Preliminary experiments on the
demonstrator
I-0-1

Tensile strength of the first engagement tube

To determine the tensile strength of the first engagement tube on the pull wire, the experimental set-up was made as shown in Fig. I-1. Three samples were made that consisted of
a distal tube clamped onto a piece of pull wire similar to the demonstrator. A metal block
with a central hole of 0.2 diameter was used as a fulcrum, which allowed the pull wire to be
shoved trough the hole but obstructed the first engagement tube. When tested, a sample was
shoved through the hole, wherein the pull wire protruded from the top of the metal block.
The metal block was wedged into a vice and the end of the pull wire fastened into a Zwick
Z010 tensile testing machine (Zwick GmbH & Co. KG, Ulm, Germany).
The results shown that the samples broke upon tensile forces between 21-32 N.

I-0-2

Yield strength of the cylinders

The yield strength was measured for two cylinders that were stacked upon each other and
exposed to compressive force by means of a Zwick Z010 tensile testing machine (Zwick GmbH
Co. KG, Ulm, Germany). To stack the two cylinders in a straight manner under the pertubator of the tensile testing machine, the bottom cylinder consisted of a flat bottom surface,
corresponding to the flat surface of the workbench of the tensile testing machine. Subsequently, the top surface of the top-cylinder consisted of a flat top-surface, corresponding
to the flat bottom surface of the pertubator. The cylinders were compressed up to 32 N;
corresponding to the maximal tensile strength of the first engagement tube.
After compression of the cylinders up to 32 N, the cylinders shown no sign of
deformation or breakage.

I-0-3

Results

The tensile strength that could be applied to the demonstrator without breaking the demonstrator was 21 N.
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Preliminary experiments on the demonstrator

Figure I-1: The experimental set-up for testing the tensile strength of the connection between
the first engagement tube and the pull wire. Therefore, a metal block with a 0.2 mm hole was
used as a fulcrum, which is indicated by nr. 1. The hole allowed the pull wire to be stuck through,
but obstructed the first engagement tube. The pull wire is indicated by nr. 2. The pull wire was
put trough the hole protruding upward and the metal block was wedged in a vice. The distal end
of the pull wire was fastened in a Zwick Z010 tensile testing machine (Zwick GmbH Co. KG,
Ulm, Germany), which is indicated by nr. 3.
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