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Abstract

Spinal fusion is a surgical treatment involving stiffening parts of the spinal column
to eliminate any relative motion and improve spine stability. A critical part of spinal
fusion surgery is the placement of pedicle screws because it is highly complex and
can damage the vascular structures and nerves near the vertebrae. To prevent com-
plications, a new anchoring method is developed that strengthens screw contact by
following the curved trajectory of the dense cortical shell while avoiding a cortical
breach. Diffuse reflectance spectroscopy (DRS) is a technique that could be used in
a bone drill to obtain real-time information about the location of the drill within the
vertebra. In order to drill the correct trajectory, an optical probe using DRS should
determine the parallel closeness of cortical bone to the drill tip. To show the poten-
tial of this novel technology for improving spinal fusion surgery, this master thesis
introduces and validates a flexible sideways-looking probe using DRS to identify the
proximity of cortical bone when measuring along the cortical shell of a vertebra.

In this study, the ideal optical design to detect the proximity of cortical bone is
investigated by looking into the effect of fiber angulation on the photon propaga-
tion using Monte Carlo simulations and phantom experiments. A conceptual de-
sign was created based on the ideal optical design combined with the mechanical
requirements to make the probe insertable into a vertebra. As a proof of concept,
a prototype was developed and tested on a bone-mimicking phantom and porcine
vertebrae.

The conceptual design comprises a flexible needle with two optical fibers at-
tached to a rigid tip with a diameter of 2.9 mm. Two mirrors are positioned in the
rigid tip, emitting light 45◦off-axis and collecting light 90◦off-axis with a source-
detector separation of 2.1 mm. These light directions were chosen because they op-
timize the reflectance spectrum difference between cancellous and cortical bone due
to a longer path length, making detecting cortical bone closeness easier. A proto-
type was made that demonstrates that the probe can detect the parallel proximity of
cortical bone at a depth up to 1.5 mm in an ideal phantom setting. The prototype
can distinguish between pure cancellous and cortical bone in porcine vertebrae. Ad-
ditionally, the prototype can also be inserted into the pedicles and bent along the
cortical wall of a vertebra. These positive findings show that the flexible sideways-
looking probe created in this study can potentially improve spinal fusion surgery by
enabling an increase in cortical bone contact without perforating it. Although proof
of concept has been provided, it is essential to improve the design for safety and us-
ability and improve tissue type identification accuracy before continuing to clinical
trials.
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Chapter 1

Introduction

Spinal fusion surgery has become one of the most prevalent surgical procedures
worldwide in the last 20 years [1]. Because of the aging population’s ongoing growth,
the number of operations will only continue to rise. Spinal fusion is a surgical pro-
cedure of stiffening parts of the spinal column that eliminates any relative motion in
the spinal column to minimize pain and increase spine stability. An essential part of
spinal fusion surgery is the placement of screws in the pedicles of vertebra, which
operate as an anchoring mechanism to fuse two or more vertebrae. This aspect of
the surgery is highly complex and can damage the vascular structures and nerves
near the vertebrae if not done correctly. Due to its frequency and risks, incorrect
placement of pedicle screws is a clinically and commercially relevant problem.

Delft University of Technology researchers are developing a new anchoring sys-
tem and a steerable bone drill to improve the strength and accuracy of pedicle screws.
Research is currently ongoing in collaboration with Philips Research’s Image-guided-
technology department to examine the deployment of a sensor system that can pro-
vide real-time information regarding the location of the bone drill inside the verte-
bra. This thesis will investigate a possible optical probe design to implement in a
steerable bone drill. The following sections will serve as a primer for the reader to
understand the essence of the problem and the research objective and strategy.

1.1 Background

1.1.1 Spine anatomy

The spinal column runs from the base of the skull to the tailbone and is made up
of many bony building blocks called vertebrae that are linked by muscles, tendons,
and ligaments. The spinal column consists of 33 vertebrae divided into five regions,
namely cervical, thoracic, lumbar, sacral, and coccygeal, as shown in Figure 1.1A.
Only the 24 vertebrae which are in the cervical, thoracic, and lumbar region are
relevant for spinal fusion surgery.

The anatomy of the vertebra is slightly different depending on the region. How-
ever, each vertebrae is made up of an anterior body and a posterior vertebral arch,
see Figure 1.1B. The vertebral body serves as weight-bearing. The vertebral arch is
made up of eleven different parts: two pedicles, two laminae, and seven processes.
The pedicles extend from the sides of the body to join the body to the arch. The lam-
ina projects backward and medial-wards from each pedicle to join and complete the
vertebral arch and form the vertebral foramen. Enclosed by the vertebral foramen
is the spinal cord, which is a tube structure made up of nerve tissue that stretches
from the brainstem to the lumbar area of the spinal column. The processes serve as
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attachment points for muscles and ligaments. The vertebral body is formed of can-
cellous bone with a thin cortical bone coating, while the vertebral arch has thicker
cortical bone coverings [2].

FIGURE 1.1: A) Spinal column including all regions [2], B) Cross sec-
tion of vertebra [2].

Adjacent vertebrae in the spinal column are separated by an intervertebral disc,
see Figure 1.1A. Each disc forms a symphysis, which is a type of cartilaginous joint.
The function of this disc is to provide mobility by allowing slight movement between
the vertebrae, to function as a shock absorber, and to act as spacing to help maintain
a constant gap between the vertebrae to protect the nerves that run down the spine
between the vertebrae.

1.1.2 Spinal fusion surgery

Spinal fusion is used to treat a variety of back disorders in which the stability or
curvature of the spinal column is the source of pain. Spondylosis, spondylolisthesis,
a ruptured disk, an accident, or trauma can all cause pain due to spinal instability.
Spinal fusion is a surgical technique that joins two or more vertebrae intending to
eliminate any relative motion between the affected vertebrae to improve the spine’s
stability and reduce back pain. The idea behind spinal fusion surgery is that if the
bones are aligned appropriately and do not shift, the pain will disappear. The proce-
dure can be performed at any level in the spine. However, the exact fusion technique
depends on the level of the spine and the source of pain.

To treat spinal instability, spinal fusion surgery consists of two main steps [3].
The first step consists of inserting bone graft material between the afflicted vertebrae.
The intervertebral disc is usually removed entirely or partially and replaced with
bone graft material. This bone graft provides the foundation and environment to
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allow the body to grow new bone and fuse a section of the spine. The next step is
the hardware placement to stabilize the vertebrae and help the fusion process. In
this step, anchoring screws, called pedicle screws, are inserted into the pedicles of
two or more vertebrae. A rod is added to connect the individual screws and prevent
relative motion between the vertebrae [4]. A construct including pedicle screws,
connecting rod, and bone graft material is shown in Figure 1.2.

To treat pain caused by spinal deformities such as Scoliosis or Kyphosis, spinal
fusion surgery also consist of two main steps [5]. However, the surgery starts with
corrective maneuvers to correct the deformity. Following the correction, the cor-
rected vertebrae are joined together using a hardware and bone graft material con-
struct to keep the deformity corrected.

FIGURE 1.2: Schematic drawing of pedicle screws, rod and bonegraft
material inserted in human spine [6].

1.1.3 Challenges

A complex procedure during spinal fusion surgery is the placement of the pedicle
screws due to the small size of the pedicles and the proximity of critical nerves and
vascular structures. If pedicle screws are positioned incorrectly, cortical breach, or
perforation of the cortical wall of the vertebra, might occur, see Figure 1.3. This
perforation can cause insufficient fixation and damage to the nerves and vessels. In
order to avoid these complications, it is crucial to avoid a cortical breach. However,
the strength of the connection between a vertebra and pedicle screw also relies on
the contact area of the screw with the stronger cortical bone, which is located in the
outer layer of the vertebra [7]. As a result, drilling close to the outer wall of the
vertebra without perforating it is ideal for pedicle screw placement.



4 Chapter 1. Introduction

FIGURE 1.3: Three different pedicle screw placements [8]. A) Correct
pedicle screw placement. B) Cortical breach in spinal canal. C) Corti-

cal breach of outer cortex.

1.2 Research project

1.2.1 Diffuse reflectance spectroscopy-enhanced steerable bone drill

Researchers at Delft University of Technology are working on a new vertebral an-
choring system that will increase the cortical bone contact [9]. In this new surgical
procedure, the steerable bone drill should first drill through the pedicles, which are
part of the vertebral arch, and then through the vertebral body. The drill should
follow a curved path within the vertebral body near the cortical boundary without
perforating it. A schematic view of the drill’s desired path is indicated in Figure
1.4. This trajectory will provide enhanced cortical bone contact, resulting in higher
fixation strength.

FIGURE 1.4: Concept of the steerable bone drill, the black arrow rep-
resents the desired path within the vertebra, and the red line indicates
the shortest distance from the drill tip to the cortical boundary. Figure

adapted from [9].

To ensure proper drilling along the cortical bone layer and to prevent a corti-
cal breach, the surgeon needs to get real-time information about the location of the
steerable bone drill in the vertebra. Diffuse reflectance spectroscopy (DRS) is a po-
tential, cost-effective sensing technique that can be used to obtain this information.
DRS is an optical spectroscopy technique in which the diffuse reflectance of light
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within a tissue sample is studied. DRS measurements are mostly done with a fiber-
optic probe. Such a probe contains one or more optical fibers facing a tissue sample.
One optical fiber illuminates a tissue sample using a broad-band light source, while
another optical fiber collects the light after interacting with the tissue. The major
phenomena which occur during light-tissue interaction are absorption and scatter-
ing of light. The amount of scattering and absorption within a tissue, dependent on
the concentration and type of biological chromophores within the tissue, determines
the wavelength-dependent intensity of light collected by the collection fiber [10].
The intensity of the collected light of a specific wavelength is called reflectance. The
dependence of the reflectance on the wavelength is called a reflectance spectrum.
Because all tissues have unique chromophore concentrations, they have a unique
reflectance spectrum. As a result, a reflectance spectrum can be used to determine
the concentration of biological chromophores in a tissue sample and differentiate
between different tissue types [10]. A schematic overview of the DRS technique, in-
cluding information from the tissue sample visualized by a reflectance spectrum, is
shown in Figure 1.5.

FIGURE 1.5: Schematic overview of DRS technique. Figure adapted
from [11].

To avoid cortical breach while using a steerable bone drill, DRS should be utilized
to detect the proximity of cortical bone to the drill tip. In order to accomplish this,
with DRS, it should be possible to distinguish between cortical bone and cancellous
bone. According to prior studies, DRS is already a promising technique for iden-
tifying the transition zone between the cancellous bone and cortical bone [12, 13].
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However, one major drawback of using DRS in a steerable bone drill is that it is only
possible to detect the cortical bone with a conventional probe if it is located in front
of the optical probe. However, measuring the shortest distance towards the cortical
boundary is essential to drill along the cortical bone layer without perforating it. The
shortest distance when steering along the cortical wall is in the direction lateral on
the drilling direction, see Figure 1.4. As a result, the DRS probe should be able to
measure the optical properties of tissue located parallel to the probe’s longitudinal
axis. In other words, a design for a sideways-looking DRS probe that can be used in
a steerable bone drill is required.

1.2.2 Goal and thesis outline

The aim of this thesis is to design, prototype, and test a flexible sideways-looking
DRS probe that can detect the proximity of cortical bone when measuring along
the cortical wall of a vertebra. The research process was divided into four research
phases. A schematic overview of the different research phases is shown in Figure
1.6.

FIGURE 1.6: Project strategy including different researches phases.

The first part involved patent research into already-existing fiber-integrated biomed-
ical devices that can steer light in the desired direction. This overview is intended to
gather ideas for a sideways-looking probe design and gain insight into what has al-
ready been done and what still needs to be researched. The most important finding
of this study is that there are still various opportunities to design unique biomedical
devices that can collect light at an angle, including sideways looking probes. The
development of innovative sideways-looking probe designs will benefit healthcare
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by expanding the use of optical sensors in a wide range of medical devices. This
patient review is published and open access available in Expert Review of Medical
Devices [14].

The optical design of the probe is the subject of Chapter 2. The central question to
be answered in this section of the study is: What is the best fiber orientation to detect the
proximity to cortical bone? The purpose of this chapter is to look into the best optical
design for detecting cortical bone located parallel to the probe’s longitudinal axis.

Chapter 3 focuses on combining the optical design and mechanical requirements
into a probe design that can be employed in a steerable bone drill. The major ques-
tion to be answered in the section of the study is: What is the best design for a sideways-
looking probe that can detect the proximity of cortical bone along the cortical wall in a verte-
bra? The goal of this section is to create a conceptual design.

Chapter 4 focuses on developing a prototype that can be tested and validated.
The major question to be answered in the section of the study is: How is the prototype
of the flexible sideways-looking probe design performing? The goal of this section is to
create, test, and validate a prototype.
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Chapter 2

Investigation of the ideal fiber
orientation for detecting cortical
bone closeness

2.1 Introduction

2.1.1 Desired optical signal

The goal of DRS in a steerable bone drill to use within a vertebra is to prevent cortical
breach while drilling close to the cortical boundary. To do this, the surgeon needs
to know how close the cortical boundary is to the drill tip. To make this possible,
the DRS probe should measure the DR spectrum of the target tissue. This functional
requirement of the probe can be separated in two sub-functions, the probe should
illuminate the target tissue, and the probe should collect light scattered from the
target tissue. To fulfill these requirements the DRS probe should include several
specifications. One important specification is that the probe should measure the
target tissue that lies parallel to the drilling direction.

Furthermore, in order to assess the proximity to cortical bone, the measured re-
flectance spectrum should include information to discriminate between cancellous
and cortical bone. Therefore, a distinguishing criterion should be available. Previous
studies have indicated that the lipid content is much higher in cancellous bone than
in cortical bone. This suggests that lipid content is a useful criterion for distinguish-
ing between these two types of bone [12]. The lipid content of a tissue has influence
on the absorption and scattering characteristics. A significant feature is that fat chro-
mophores cause a prominent absorption peak of light with a wavelength of 1211 nm
[12]. As a result, a deep dip in intensity around 1211 nm should be visible in the
reflectance spectrum of tissue with a high lipid content. Because cancellous bone
contains more lipid than cortical bone, the reflectance spectrum of cancellous bone
has a deeper drop around 1211 nm, as seen in Figure 2.1. To use this difference as
distinguishing criterion, the optical probe should emit and collect light within the
near infrared (NIR) light region.

Lastly, to asses the proximity of cortical bone, the optical probe should be able
to measure the reflectance spectrum of tissue which is not in direct contact with
the probe but is deeper in the tissue. The deepest layer of which an optical probe
can measure optical tissue properties is called the look-ahead distance (LAD) of the
probe. The probe should have a large LAD because the earlier cortical bone close-
ness is recognized, the easier a surgeon can anticipate it. However, a bigger LAD
comes at the cost of a reduced signal-to-noise ratio (SNR) in the measured signal
[15]. This has as an effect that the signal will be less clear and it will be harder to dis-
criminate between cancellous bone and cortical bone. Therefore, a trade-off between
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FIGURE 2.1: Reflectance spectrum of (a) pure cancellous bone and (b)
pure cortical bone [12].

depth of detection and SNR must be determined to use DRS in a steerable bone drill.
However, the LAD must be above a certain threshold to make the optical feedback
within the steerable bone drill useful. The time a physician has to respond to the
presence of cortical bone depends on the drill speed, LAD, and DRS measurement
frequency. The drill speed is still unknown and the frequency is dependent on the
spectroscope instead of the optical probe. Because this is not the subject of this re-
search, it is assumed that the drilling speed and frequency could be adjusted so that
a LAD of 1 mm is sufficient to detect cortical bone proximity. This is based on the
LAD of a front-looking probe which has proven its potential to detect the proximity
of cortical bone with two parallel fibers [16].

The optical requirements and specifications that the DRS probe should fulfill are
summarized in Table 2.1. The specifications are formulated based on the desired
optical signal that the optical should measure. The geometry of the optical probe,
in particular the orientation of the fibers that determines which direction the light is
sent and received, affects the measured signal of the optical probe. As a result, fiber
orientation is a critical design consideration for the probe to accurately measure the
desired optical signal.

Functional requirements Specifications
Measure DR spectrum of target tissue

- Illuminate target tissue Target tissue:
Parallel to drilling direction
1 mm depth

- Collect light scattered by target tissue
Light type:
SNR:

NIR light (1000-1400) nm
Able to detect difference cancellous and cortical bone

TABLE 2.1: Optical requirements and specifications DRS probe.

2.1.2 Optical probe design

The orientation of the optical fibers within an optical probe affect the target tissue,
the LAD, and the SNR. The optical probe to use within a steerable bone drill should
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include two optical fibers. One optical fiber, the source, is used to illuminate the tis-
sue with NIR light and the other optical fiber, the detector, will collect the light after
it has interacted with the tissue. If a group of photons enter the tissue all photons
will propagate through the tissue in a random walk, because of multiple scattering
and absorption events. The most probable path of the photons that are collected
by the collector has the shape of a banana, called the photon banana, see Figure 2.2
[15]. The optical probe has the highest optical sensitivity for the tissue within the
photon banana, meaning that the optical properties of this tissue have an impact on
the measured reflectance spectrum. The shape of the photon banana depends on the
distance between the source and the detector, the source-detector separation (SDS).
Therefore, the SDS plays a role in determining which layers of the tissue have a high
optical sensitivity. Increasing the SDS will increase the LAD of the probe, as shown
in Figure 2.2. Previous research into the use of DRS to prevent cortical breach in a
conventional pedicle screw indicates that using an SDS of roughly 1.2 mm provides
a good trade-off between SNR and LAD [13]. This SDS is limited by the maximum
diameter of the optical probe related to the diameter of the pedicle screws. Since
the design of the steerable bone drill is still unknown, it is assumed that this will be
approximately the same as the conventional pedicle screws.

FIGURE 2.2: Examples of different photon bananas for different SDS
[15].

The photon banana is a well researched phenomenon for an optical probe that
measures the tissue which is in front of the probe with two parallel fibers [17, 18,
19, 20, 21]. However, for the application in a steerable bone drill the optical probe
should measure the tissue in the direction that is 90◦off-axis. To make this possible
light should be emitted and collected off-axis as well. However, the optimal angle
for emitting and collecting is still unknown. When the source emits light and the col-
lector collects light from 90◦off-axis, the optical probe will measure tissue parallel to
the probe with a similar photon banana as shown in Figure 2.2. However, previous
research showed that a relative angle between the source and detector can influence
the optical sensitivity and the LAD of the optical probe [22, 23, 24]. These studies re-
vealed that by orienting the source and detector towards each other, the signal from
superficial layers in a narrow area can be better detected. This raises the question
of whether angling the source and detector away from each other enables deeper
layer detection across a larger area. This is useful when using a steerable bone drill
because it can increase the area of measured cortical bone and may allow for ear-
lier detection of cortical bone proximity without increasing the diameter of the bone
drill. This study analyzes how much it is truly possible to change the photon path
by angling the source and detector away from each other.

2.1.3 Goal and structure

In short, the goal of this study is to look into the effect of fiber angulation on the
photon-banana and, as a result, on the detection of the proximity of cortical bone.



12
Chapter 2. Investigation of the ideal fiber orientation for detecting cortical bone

closeness

A Monte Carlo (MC) simulation and two experimental tests were done to evaluate
this effect. First, MC simulations were run to provide insight into the various shapes
of the photon-banana at various angulations. Additionally, two experiments were
done to verify the simulations and to see what the effect of the change of the photon-
banana is on the detection of the proximity of cortical bone. In Experiment 1, DRS
measurements were performed on a bone phantom including a layer that simulates
cancellous bone and a highly light absorbing layer. The goal of this experiment
was to investigate the LAD and the areas with high optical sensitivity for different
fiber angulations. In Experiment 2, DRS measurements were performed on a two
layer bone-mimicking phantom consisting of one cancellous and one cortical bone
layer. The goal of this experiment was to measure the effect of fiber angulation on
the measured reflectance spectrum and how this influences the detection of cortical
bone closeness. Based on these simulation and experiments, it should be possible to
infer on the degree of control over the photon path within the tissue by angulating
the source away from the detector and the target tissue.

2.2 Method

2.2.1 Monte Carlo simulations

Monte Carlo method

MC refers to a technique to simulate physical processes using a stochastic model
[25]. In tissue optics, the MC method is often used to approximate the distribution
of light within biological tissue. In this method, light is simulated as photon packets
that make random walks as they travel through tissue. The random walk is cho-
sen by statistically sampling the probability distributions for step size and angular
deflection per scattering event. Many MC programs exist that allow for a compu-
tational approach to determine the light distribution in tissue using this statistical
method [26]. In this study, the program MCMatlab is used [26]. This software is
chosen because it is an open-source, user-friendly, and relatively efficient MC pro-
gram that combines C’s speed with MATLAB’s familiarity and versatility. The MC
program is based on a general method for implementation of the MC method in
computer code described by Prahl et al. [25]. This chapter simply explains the MC
method, which is used in the MCMatlab application. More thorough information
may be obtained in the literature [25, 27].

A MC simulation starts with launching a packet of photons into the tissue. The
packet of photons follows a particular photon path. This path is approached by
variable step sizes that are determined by a probability density function. After each
propagation step, the possibility of total internal reflection is checked. This is only
possible when the photon packet propagates across a boundary into a region with
a different refraction index. The probability that the photon packet which passes a
boundary is internally reflected is determined by the Fresnel Reflection coefficient
(R(θi)). This coefficient is described by the following formula:

R(θi) =
1
2
(

sin2(θi − θt)

sin2(θi + θt)
+

tan2(θi − θt)

tan2(θi + θt)
) (2.1)

where θi is the incident angle on the boundary and θt is the transmission angle. The
relation between θi and θt is given by Snell’s law. If a photon packet goes across a
boundary without being internally reflected, it either exits the tissue or continues in
a tissue layer with a different refractive index. Internally reflected photon packets
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remain in the same tissue layer. For all photon packets which continue propagating
in a tissue layer, a part of the photon packet is absorbed and the rest is scattered.
The fraction that is absorbed and scattered is determined by the absorption (µa) and
scattering coefficient (µs) of tissue, with the following formula:

f ractionabsorbed =
µa

µa + µs
(2.2)

The Henyey-Greenstein phase function determines the direction of scattering. This
function uses the scattering anisotropy (g) of tissue, which is defined as the average
cosine of the scattering angles (cos(θ)), to approximate the angular dependence of
light scattering. A random variable uniformly distributed over the interval zero to
one (ϵ) is added to the function. The Henyey-Greenstein phase function combined
with this random variable determines the scattering angle (θ) of a photon packet
with the following formula:

cosθ =

{
1

2g (1 + g2 − ( 1−g2

1−g+2gϵ )
2), if g ̸= 0

1 − 2ϵ, if g = 0
(2.3)

After this scattering event, the procedure is repeated from calculating the stepsize
to establishing the new scattering angle. However, at each step, the weight of the
photon packet is reduced because of the fraction which is absorbed. If the weight of
a photon packet falls below a certain threshold, then roulette is used to either extin-
guish or continue propagating the photon packet. A new photon packet is started
at the emitter if the photon does not survive the roulette. For every photon packets,
all reflection, transmission, scattering, and absorption events are recorded through-
out the process. After propagating several photon packets, the net distribution of all
photon paths provides a realistic approximation to reality. A flowchart describing
this MC technique is shown in Figure 2.3.

Design set-up

In this study, MC simulations were done to visualize the photon banana and the re-
lationship between fiber angulation and shape. A one-layer tissue model consisting
only of cancellous bone was developed to visualize the path within the cancellous
bone. As input for the cancellous layer, the absorption and scattering coefficients
of cancellous bone at a wavelength of 1211 nm were used, measured from human
vertebra [13]. The anisotropy was assumed as 0.9, and the refractive index was set
to 1. The optical probe was simulated as a light source and collector, separated by
a distance of 1.2 mm. The light source emitted light with a Gaussian distribution
with a near-field width of 0.1 mm and a far-field radial width of 0.11 rad. The light
collector was defined as an optical fiber with a diameter of 0.2 mm and a numerical
aperture (NA) of 0.22. These values were chosen to simulate the light beams of the
optical fibers that will be used in the experiments as closely as possible. During the
MC simulation 2 ∗ 108 photons were emitted in the tissue. The simulations were per-
formed with a tissue thickness of 3 mm. The angle between the source and detector
varied between 0◦, 10◦, 20◦, 30◦, and 45◦in the different simulations.

The percentage of the collected photons that passes through a particular tissue
area were calculated to investigate the photon banana in the tissue for the different
fiber angulations. This percentage of collected photons represents the proportion
of photon packets scattered through a tissue area as a fraction of the total number
of photon packets collected by the collector. The percentage of collected photons
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FIGURE 2.3: Flowchart of variable step-size MC technique [25].

that passes through a particular tissue area were plotted in xz-plane of the tissue,
with the photons in the y-direction projected on it. This was done for all different
angulations to properly compare the different photon bananas. In addition, for all
angulations, the intensity of the total number of collected photons was determined
in order to gain insight into the change in SNR caused by angulating the fibers.

2.2.2 Experimental design

Phantom preparation

In the first experiment, a two-layer phantom was used to test the effect of angulated
fibers on the LAD and the areas with high optical sensitivity. The phantom’s bottom
layer was made of a highly absorbing black tape from HPX [28]. The top layer was
constructed of pure coconut milk, which is a low-cost, easy-to-use material that can
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be utilized to replace intralipid, which is typically employed to simulate fat in optical
phantoms [29]. The used coconut milk was from the brand Go-Tan and had a fat
fraction of 18% [30]. For the phantom production, the highly absorbing tape was
fixed at the inside of a small cup such that it covered the whole bottom. Thereafter,
the coconut milk was poured on top with a thickness of at least 5 mm.

In the second experiment, a two-layer bone mimicking phantom was used to test
the effect of angulated fibers on the detection of cortical bone proximity. To mimic
the situation in the vertebra, the bottom layer of the phantom had optical properties
comparable to cortical bone and the upper layer to cancellous bone. Most signifi-
cantly, the fat fraction difference between the two layers was comparable. The cor-
tical bone layer of the phantom was made of gelatin mixed with scattering particles
(barium sulfate), ions (sodium chloride), and a preserving agent (sodium benzoate).
The exact quantities are listed in Table 2.2. This layer did not contain any fat, so it
had a fat fraction of zero. The top layer was made of pure coconut milk from the
brand Go-Tan with a fat fraction of 18% [30]. Therefore, the difference in fat fraction
between the two layers was 18%. This is close to the fat fraction difference between
cancellous and cortical bone which varies between 20%-30% [31].

For the bone phantom production, the cortical bone layer was made by heating
water, sodium chloride, barium sulfate, and sodium bezoate to 50◦while stirring at
350 rpm. When the temperature reached 50◦, gelatin was added and the temperature
was raised to 70◦. Thereafter, the mixture was cooled to 40◦and poured into small
cups. Finally, the cups with the mixture were stored in the freezer for one hour to
allow the gelatin to harden. After the cortical layer was produced, the coconut milk
was poured on top of the solid gelatin layer to complete the phantom. The thickness
of the coconut layer was at least 5 mm.

Water Sodium chloride sodium benzoate barium sulfate gelatin
100 ml 1 g 0.1 g 3 g 15 g

TABLE 2.2: Quantities of substances in cortical bone phantom layer.

Probe design

In both experiments, the focus was on investigating the effect of fiber angulation.
Therefore, a fiber optic probe was designed where it was possible to change the
relative angulation between the fibers. The fiber optic probe was built such that two
optical fibers could be fixed within the probe and the relative angulation between
the optical fibers at the distal end could change between 0◦and 45◦. The maximum
angulation of 45◦is chosen based on a minimum SNR value; if the angle is greater
than 45 degrees, the SNR will be severely reduced. The SDS between the distal end
of the optical fibers was 1.2 mm and independent of the angulation. The SDS was
determined based on an earlier study that found 1.2 mm to be a good compromise
between SNR and LAD [13]. The 3D model of the probe for different fiber angles
and the exploded view including all parts of the probe are shown in Figure 2.4.
Furthermore, 2D drawings including dimensions of all different parts are added to
Appendix A.

The probe was designed in Solidworks [32] and pre-processed in PreForm [33].
The probe was printed with a Formlab 3B printer [34], out of the material Tough
1500 V1 [35], and with a layer thickness of 0.050 mm. After the probe was printed,
two step-index multimode fiber optic cables from Thorlabs [36] were inserted in the
probe. These specific optical cables have a core and cladding diameter of 0.24 mm,
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FIGURE 2.4: A) Probe design with adjustable relative angulation be-
tween the fibers (orange) and a constant SDS of 1.2 mm. The black
part is the moving part to alter the fiber angulation. The yellow cones
show the NA of the fibers. B) Exploded view of probe including all

parts.

a coating diameter of 3.0 mm, a NA of 0.22, and a low OH concentration. The fibers
were stripped at the distal end such that only the optical fiber core, cladding, and
a thin protective layer were left. To ensure that the stripped optical fibers could be
properly secured, two holes of 0.4 mm were drilled within the probe at the location
were the light should leave or enter the probe. After the fibers were placed into the
probe, the screws were tightened to hold all parts together. It was possible to change
the angulation of the probe by loosening the screws and rotating the illumination
fiber to a desired angle between 0◦and 45◦.
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Experimental measurements

The experimental setup consisted of the optical probe, a 3D printed holder, a mi-
cro stage, a spectrometer, and a bone phantom. The optical probe was fixed within
the holder that was fixed to a micro stage. The spectrometer was connected to the
optical probe, and a bone phantom was placed below the optical probe. The entire
test set-up is shown in Figure 2.5. Before the measurements were started, the spec-
trometer and optical probe were calibrated. First, the spectrometer was internally
calibrated for the wavelength, and afterward, the optical probe was calibrated for
the intensity with a white reference (Spectralon white [37]). During the measure-
ments the spectroscope emitted and collected light wavelengths from 900 to 1700
nm. The integration time of the spectrometer was 1000 ms.

FIGURE 2.5: A) Test set-up including micro stage, 3d printed holder,
probe for different fiber angulations, and a bone phantom. B) Test
set-up showing manoeuvre to change angulation of probe between

measurements.

The bone phantom including cancellous bone and a fully absorbing layer was
used during Experiment 1. Before starting the measurements, the illumination fiber
within the optical probe was fixed at an angle of 0◦relative to the collecting fiber
facing the absorbing layer. A bone phantom without the coconut milk on top was
placed below the optical probe. The height of the optical probe was lowered until it
was in direct contact with the fully absorbing layer. This was the starting point of
the measurements, indicating 0 mm distance between the probe and the highly ab-
sorbing layer. At this point, coconut milk was poured on top of the absorbing layer.
Reflection measurements were taken while varying the distance between the probe
and the absorbing layer from 0 to 3 mm in 0.2 mm increments. At each distance, 10
reflectance measurements were taken. In addition, 10 measurements were taken in
the pure cancellous bone layer without the absorbent layer underneath. The angu-
lation of the probe was changed after the reflection measurements of all distances
were measured for one angulation. This was done by unscrewing the screws secur-
ing the probe and rotating the illumination fiber towards the desired angle while



18
Chapter 2. Investigation of the ideal fiber orientation for detecting cortical bone

closeness

the collecting fiber always faced the absorbing layer. The same measurements were
done for the other angulations, 10◦, 20◦, 30◦, and 45◦. Finally, for all angulations, all
steps were repeated to triple the amount of measurements.

The bone phantom including cortical and cancellous bone was used during Ex-
periment 2. The starting point of the measurements was defined as the point where
the optical probe was in direct contact with the cortical bone layer. Reflection mea-
surements were taken while varying the distance between the probe and the ab-
sorbing layer from 0 to 3 mm in 0.4 mm increments. Furthermore, 10 reflectance
measurements were taken in the pure cortical and cancellous layer. Respectively,
the experiment steps were the same as the first experiment.

Data analysis

The raw data from the collected measurements by the spectrometer in both exper-
iments contained the collected light intensity for all wavelengths. To get the re-
flectance spectrum out of the raw intensity, the following post-processing step was
applied for all measurements for the wavelength range 900 nm - 1700 nm:

Re f lectance(λ) =
MeasuredIntensity(λ)− BackgroundIntensity(λ)

CalibrationIntensity(λ)
(2.4)

Furthermore, all reflectance spectra were filtered with a Savitzky-Golay smoothing
filter of the third order with a frame length of 21. This is done to remove the noise
from the reflectance spectrum.

The LAD and areas of highest optical sensitivity were investigated using the
measurements of Experiment 1. The LAD and optical sensitivity were determined
only for the light with a wavelength of 1211 nm. This wavelength was chosen since
it is at this wavelength that the fat content impact is most noticeable. As a result, the
LAD for which the probe can discriminate between cancellous and cortical bone was
determined by the probing depth of this wavelength. The collected measurements
contained the reflectance data for different fiber angles (θ) and distances between
the absorbing layer and the optical probe (D). Furthermore, the reflectance intensity
of pure cancellous bone for all fiber angles was set as a reference (I0(θ)), meaning
no photons were absorbed by the absorbing layer. The ratio between the measured
intensity at D (I(D, θ)) and I0(θ) determines the percentage of photons that does
reach a certain tissue depth, calculated with the following formula:

P(D, θ) = 100 − I(D, θ)

I0(θ)
∗ 100 (2.5)

The relation of P versus D was determined for all different fiber angles, which made
it possible to conclude the effect of fiber angulation on probing depth and optical
sensitivity. The steepest slope of this relation showed the depth that is reached by
the biggest amount of photons and, therefore, the depth with the highest optical
sensitivity. The LAD was defined as the maximum depth which the photons can
reach. The LAD follows from the point where the number of photons that reach a
certain depth is bigger than 2 times the standard deviation (SD) of the measured
intensity in pure cancellous bone [38].

Experiment 2 was designed to look into the effect of fiber angulation on the de-
tection of the proximity of cortical bone. As explained in Section 2.1.1, the changes
in reflectance spectra of light within the NIR region range 1000-1400 nm can be used
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to distinguish between cancellous and cortical bone. To properly compare the varia-
tions in the reflectance spectra, all spectra were normalized to the intensity measured
at the wavelength of 1211 nm. This normalizing wavelength was chosen because it
best demonstrates the difference in fat absorption peak between the two phantom
layers reflectance spectra. The reflectance spectrum of the pure cortical layer with a
certain fiber angle was subtracted from all other spectra with the same fiber angle.
This was done because the resulting spectra clearly highlight fat content’s influence
on the spectra for the different angulations. All the data with the same fiber angle
and different distances from the cortical bone were combined into a single graph.
The relation between change in reflectance spectrum and distance between probe
and cortical bone was used to indicate the influence of cortical bone closeness on
the spectra. By comparing this influence for different fiber angles, the effect of fiber
angulation on the detection of cortical bone closeness was determined.

2.3 Results

2.3.1 Monte Carlo simulations

Figure 2.6A-E show an approximation of the photon paths of the collected photons
through the tissue for different fiber angulations. The photon banana is depicted on
the xz plane, with all photons projected on it in the y-direction. The colors in the
diagrams represent the percentage of collected light that passes through a particular
tissue area. The horizontal green line indicates that nearly the same percentage of
collected photons reach the maximum depth for all fiber angulations. The vertical
green line demonstrates that increasing the relative angulation between the fibers
will increase the width of the photon banana. This has as an effect that the area of
the photon banana and the average path length of the photons increases as well. The
average path length of the photon banana with an angulation of 0◦is approximately
1.8 mm, calculated by the circumference of a half-circle through the tissue area with
the highest percentage of collected photons, see blue path in Figure 2.6A. It is as-
sumed that the change in average path length is similar to the change in tissue area
of the photon banana with the highest percentage of collected photons. The MC
simulations show that when the angulation changes from 0◦to 45◦, the tissue area
increases roughly 20%. Furthermore, Figure 2.6F shows that increasing the angle of
the source reduces the intensity of the collected light. When the source has an angle
of 45◦, half of the amount of photons are collected compared to a source with an
angle of 0◦.

2.3.2 Experimental design

Figure 2.7A shows the measured intensity of light at 1211 nm of measurements in
pure cancellous bone (I0) for different angulations. This graph shows that the in-
tensity of collected light decreases when the angle of the emitting fiber increases.
Furthermore, Figure 2.7B shows the relation between probing depth and percentage
of collected photons that reach that depth for each fiber configuration. All SDs of
the mean amount of photons that reach a certain depth for the different angulations
overlap each other. Furthermore, the graph shows that for all angulations, 100% of
photons reach a probing depth of 0 mm and nearly no photons reach the probing
depth from 1.5 mm and beyond. When the probing depth is increased between 0
and 1.5 mm, the percentage of photons that reach a higher depth decreases. The
graph’s steepest slope occurs between 0.4 and 0.6 mm probing depth, as indicated
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FIGURE 2.6: A-E) MC simulations of the photon banana in cancel-
lous bone for different fiber angles (A-0◦, B-10◦, C-20◦, D-30◦, E-45◦).
The average path length with an angulation of 0◦is represented by the
blue line in (A). The color scale in the diagrams represent the percent-
age of collected light that passes through a particular tissue area. F)

Intensity of total collected light for different fiber angles.

by the black stripped lines. The maximum standard deviation (SD) in the measured
intensity at a depth that no photons reach is 3.7%. The intersection of the black solid
lines indicates that the measured percentage of photons is greater than two times the
maximum SD at a depth of 1.2 mm.

Figure 2.8A-E displays the difference between the measured DR spectra and the
DR spectrum of pure cortical bone for various distances to the cortical bone layer
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FIGURE 2.7: A) Intensity of collected light at wavelength of 1211 nm
in pure cancellous bone for different fiber angulations B) Relation
probing depth and amount of photons that reach a certain depth for
different fiber angulations. This figure shows the mean amount of

photons that reach a certain depth and the SD.

and various fiber angulations. The reflectance spectra at all distances and angula-
tions show a dip around 1211 nm. Furthermore, the figure shows that for all angula-
tions, the slope of the reflectance between 1100-1211 nm and 1211-1260 nm steadily
increases as the distance from the cortical bone grows. Additionally, raising the an-
gle of the emitting fiber gradually increases the difference between the reflectance
spectra of pure cancellous and pure cortical bone.
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FIGURE 2.8: Difference between measured DR spectra at various dis-
tances to cortical bone and the pure cortical bone layer DR spectrum
for varied fiber angulations (A-0◦, B-10◦, C-20◦, D-30◦, E-45◦). All

spectra are normalized at 1211 nm.
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2.4 Discussion

2.4.1 Interpretation of the results

This study investigated the effect of angling the source in an optical probe away
from the detector on detecting the proximity of cortical bone. The MC simulations
show that the width of the photon banana slightly increases when increasing the an-
gulation. However, the probing depth is independent of the angulation of the fibers.
This can be explained by the fact that when the photons have traveled a short path,
smaller than the transport mean free path length in tissue, the photon propagation is
sensitive to the angle of emission [39]. However, in the deeper layers, total light dif-
fusion occurs. This is because photons will lose their directionality after they have
traveled a path that is longer than the transport mean free path length [40]. As a
result, photons can be controlled in the more superficial layers. However, photons
will diffuse randomly in all directions in the deeper layers, making it impossible to
control the probing depth by angling the fibers.

Experiment 1 shows that the percentage of photons in a specific tissue layer is
similar for all angulations. This is visible because the SDs of the detected proportion
of photons overlap for all angulations. This implies that fiber angulation and LAD
have no significant relationship, confirming the MC simulation findings. However,
these findings are in contrast with the results of the studies of Thilwild et al. [23],
Sing et al. [24], and Wang et al. [27], where is found that the obliquity of fibers can
control the depth of propagation. However, these studies were mainly focused on
more superficial tissue layers (up to 0.5 mm) and inwards oriented fibers. As an
outcome, it can be deduced that angling the fibers can change the depth of propaga-
tion in superficial layers in the tissue, but not in deep layers greater than 1.0 mm, as
indicated in this study. This is supported by the fact that manipulating the direction
of photons is only possible in the more superficial layers, as illustrated in the MC
simulation. For all fiber angulations, the probe with an SDS of 1.2 mm has a LAD
of 1.2 mm for light with a wavelength of 1211 nm. The probe has the highest opti-
cal sensitivity for the layers at a depth between 0.4 and 0.6 mm. These findings are
in line with the LAD and optical sensitivity of a front-looking probe developed by
Burström et al.[16], which has already proven its potential to detect the proximity of
cortical bone with two parallel fibers. This suggests that a probe with fiber angles
up to 45◦should also be able to detect the proximity of cortical bone.

Additionally, the MC simulations and the results of Experiment 1 both show that
increasing the angulation decreases the total intensity of collected photons. This
supports the findings of previous studies by Thilwild et al. [23] and Wang et al. [27],
where it is founded that outward-oriented fibers detect a lower amount of photons
compared to parallel fibers. It can be explained by two factors: the directionality of
photons, which causes fewer photons to propagate in the collector’s direction, and
the increase in path length due to the increase in width, which causes more light to
be absorbed before it reaches the collector. According to the Lambert beer law for
scattering medium [41], a 20 % increase in path length over an original path length
of 1.8 mm due to a change in angulation to 45◦reduces the intensity of collected
photons by 25%. Therefore, of the 50% reduction in intensity observed in simulations
and experiments, 25% is due to an increase in absorption and the remaining 25%
should be attributed to a change in directionality. The decrease in the number of
collected photons has as effect that the SNR decreases as the fiber angle increases
[27].



24
Chapter 2. Investigation of the ideal fiber orientation for detecting cortical bone

closeness

Experiment 2 shows that a difference in DR spectrum between cortical bone and
cancellous bone is visible for all angulations. The main difference is that the dip in
the spectra around 1211 nm is deeper in the cancellous bone layer. This indicates that
the difference in fat fraction between the tissue layers is detectable from the DR spec-
tra measured with all fiber angulations. Furthermore, the results of this study show
that the dip grows for all angulations as the distance to the cortical layer increases.
This can be explained by the light entering the tissue up to a certain probing depth.
When the distance to the cortical bone is smaller than the LAD of the probe, the light
partially propagates through the cancellous layer and partially through the cortical
layer. Increasing the distance to the cortical layer will increase the path length of
the photons in the cancellous layer, which increases the amount of light absorption
by the fat chromophores [42]. As a result, the amount of light absorbed at 1211 nm
increases. A probe with a source angle up to 45◦can identify the closeness of cortical
bone based on the depth of the fat dip in the spectrum.

Furthermore, Experiment 2 shows that the difference in DR spectrum between
pure cortical bone and pure cancellous bone increases as the fiber angulation in-
creases. Therefore, the difference in DR spectrum between each increment of 0.4
mm increases as well. The signal difference is highest when the illumination fiber is
at 45◦relative to the collection fiber. The increase in the difference in DR spectrum
between the cancellous bone and cortical bone for higher fiber angulations can be
explained by the increase in path length of the photons through the tissue. As found
in the results of the MC simulations, the width of the photon banana increases when
the fiber angle increases. This has the effect that when the illumination fiber faces
the tissue with an angle of 45◦, the average path length within the cancellous bone
layer increases. As an effect, the dip at 1211 nm will become deeper. The influence of
approaching the cortical bone becomes more obvious in the spectrum for greater an-
gulations, despite the lower SNR, because the difference between the cancellous and
cortical bone spectra increases as the fiber angulation increases. These new findings
could be utilized to improve the design of a fiber optic probe developed by Burström
et al. [16] to prevent cortical breach or in the development of new fiber-optic probes
to improve spinal fusion surgery.

2.4.2 Limitations

A significant drawback of the MC simulations in this study is that it is exclusively
performed in the pure cancellous bone for only one wavelength to reduce simulation
calculation time. As a result, the simulations do not show the effect of approaching
the cortical bone. Therefore, it is difficult to say how the photon banana will alter
as it enters the cortical bone at an angle. Earlier research by Swamy et al. [12] and
Li et al. [19] demonstrates that MC simulations can be used to estimate the DR
spectrum in cancellous bone for various distances from the cortical bone. Future
research should focus on MC simulations to model the effect of angulation on the
spectrum at different distances from the cortical bone layer. Because the experiments
and MC simulations will be directly comparable, experimental findings such as the
increase in the difference between the DR spectrum of cancellous and cortical bone
as the angle increases will be easy to confirm.

Another relevant limitation of this study lies within the optical probe design. Be-
cause the optical fibers in the probe were not fixed, the actual location of the fiber
terminating end could fluctuate slightly between measurements. This can affect the
distance between the probe and the cortical bone. Therefore, the measured LAD
can be slightly different from the probe’s real LAD. However, the fluctuation in the
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fibers is predicted to be minor because the SD between repeated measurements is
always less than 5%. It should not have a substantial impact on the study’s con-
clusion. Moreover, the step size of the experimental design has a more significant
effect on the probe’s LAD conclusion. Because of the 0.2 mm step size, the LAD has
a 0.2 mm uncertainty. Although the LAD is between 1.2 and 1.4 mm, it is set to the
lower to ensure that light always reaches the LAD [19]. The measurements should
be repeated with a smaller step size to better estimate the actual LAD.

Another limitation of this study is the design of the optical bone phantom. The
difference in fat percentages between the cancellous and cortical layer in the bone
phantom (18%) are not exactly similar as human bone (20-30%) [31]. Furthermore,
the bone phantom is made up of two homogeneous tissue layers, whereas actual
tissue is made up of heterogeneous tissue layers consisting of a variety of chemi-
cal components [31]. Previous research by Swamy et al. [12] investigated that DR
measurements in real vertebra are not directly comparable to simulation results on a
two-layer model comprised of homogenous cancellous and cortical bone. According
to Losch et al [31], the fat percentage in actual vertebrae is not uniform and gradu-
ally decreases as it approaches the cortical bone (the pre-cortical zone). As a result,
the observed fat content drops gradually rather than abruptly in response to corti-
cal bone closeness. Subsequently, when comparing measurements in real tissue to
models or phantoms, the proximity of cortical bone is harder to identify. To see if
it is also possible to detect the proximity of cortical bone when measuring in real
cancellous bone, the optimal design that emerged from this study should be tested
on actual tissue.

2.4.3 Conclusion

Conclusively, this research shows that fiber angulation up to 45◦does not change the
probing depth of an optical probe with an SDS of 1.2 mm. However, increasing the
angulation of the emitting fiber up to 45◦slightly increases the width of the photon
banana. This means that the optical probe can detect the optical properties of a
slightly wider area of the tissue. Furthermore, increasing the fiber angle decreases
the SNR. However, the SNR is still large enough to identify the presence of cortical
bone at an emitting angle of up to 45◦. An emitting angle of 45◦even results in a more
significant difference in DR spectrum between cancellous and cortical bone due to a
longer path length, making detecting cortical bone closeness easier.

In the scope of designing an optical probe that can be used in a steerable bone
drill to detect the proximity of cortical bone, a probe with an SDS of 1.2 mm will
measure the optical properties of tissue up to 1.2 mm depth. Furthermore, when
the target tissue is parallel to the probe’s longitudinal axis, the probe should emit
light 45◦off-axis and collect light 90◦off-axis. This is the best optical design because
it optimizes the measured tissue area and the difference in DR spectrum between the
cancellous bone and cortical bone, making it easier to detect the proximity to cortical
bone. This design will fulfill all the optical requirements, see Table 2.1.





27

Chapter 3

Flexible sideways-looking probe to
detect proximity of cortical bone
within vertebra: a conceptual
design study

The goal of this chapter is to create a conceptual design of a sideways-looking probe
that can be used in a steerable bone drill for spinal fusion surgery. All of the func-
tional requirements, sub-functions, and specifications that the design should meet
were defined in order to arrive at the best design. Several design strategies to im-
plement the function within the design were investigated for all sub-functions. The
methodical ACRREx design method was utilized to create a thorough overview of
all strategies. ACRREx stands for Abstracting, Categorizing, Reflecting, Reformu-
lating, and Extending [43]. The most promising strategies were integrated within
a morphological scheme to create concepts [44]. Finally, each concept was rated to
the design specifications. At the end of this chapter, the best conceptual design for a
flexible sideways-looking probe to utilize in a steerable bone drill was found.

3.1 Design scope

3.1.1 Functional requirements

The functional requirements describe the functions the design should fulfill. It is
worth noting that this study is only focused on demonstrating the technical feasi-
bility of employing a sideways-looking probe in a steerable bone drill to improve
spinal fusion surgery. The design is not focused on a final product that can be used
in clinical practice. Therefore, the requirements do not include requirements which
should be based on user experiences such as usability, safety, and durability. These
are design choices that can later be implemented to optimize the design. However,
because this design is for research purposes, manufacturability is required. A pro-
totype should be able to be manufactured within a specified time frame and with
specific production capacities. The design of a sideways-looking probe for use in a
steerable bone drill during spinal fusion surgery must meet three primary functional
requirements. The probe should:

• measure diffuse reflectance spectrum of target tissue

• be insertable in curved hole in the vertebrae

• be manufacturable
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Measure diffuse reflectance spectrum of target tissue

The sideways-looking probe’s first and most essential function is to measure the DR
spectrum of tissue parallel to the drilling direction. Most sub-functions and specifi-
cations related to this function are extensively discussed in Chapter 2, see Table 2.1.
These sub-functions were formulated to determine the ideal orientation of the light
beams to measure the desired optical signal. However, when focusing on the best
overall design of the probe itself, one additional sub-function is required to measure
the DR spectrum of target tissue accurately.

• Prevent light disturbances. The probe should prevent light disturbances before
the light comes in contact with the target tissue, the bone in the vertebrae.
The probe must avoid light absorption and unwanted reflection and refrac-
tion, which results in a low SNR and incorrect measurements. Based on com-
monly used glue with excellent properties to fill optical probes, the maximum
permitted absorption within the probe is 5% of the light intensity within the
beam-width of the Gaussian beam exiting or entering the optical fiber [45]. In
addition, the distance between the probe and the target tissue should not ex-
ceed 10% of the LAD. This will avoid light absorption in irrelevant tissue and
ensure that the probe can penetrate at least 1 mm depth into the relevant tis-
sue [12]. Based on the findings of the influence of angulation on the signal in
Chapter 2, light refraction in undesired directions should be limited to a max-
imum of 10 degrees and there should be no internal reflection at the probe’s
interfaces.

Be insertable in curved hole

The second primary function is that the probe should be insertable in a curved hole
in the vertebrae. The probe should be included in a steerable bone drill that follows
a curved path along the cortical shell in a vertebra. Due to the lack of knowledge on
the drill’s specific design, it is presumed in this study that a flexible probe that can be
inserted into a curved hole in the spine is a generic design that can be employed in
any steerable bone drill. Important in this assumption is that the curved hole should
have a similar shape as the proposed drilling path. During spinal fusion surgery, the
steerable bone drill will be used to drill a hole for a new anchoring system that will
replace the pedicle screws. Most spinal fusion procedures, including pedicle screw
placement, are conducted in the lumbar and thoracic regions of the spine [46]. To
ensure that the probe will fit in drills that can be used by both sexes in these two
zones, the size of the curved hole is based on the size of a female’s smallest vertebra
in the thoracic area [47, 48]. The following sub-functions are determined to ensure
that the probe design can be appropriately inserted in the curved hole:

• Fit in vertebra. The probe should fit within the curved hole in the vertebra. The
diameter of the probe should be no more than 3.5 mm, based on the size of the
pedicles of the smallest vertebra in the thoracic region [47, 48].

• Be flexible. The probe should be flexible. Based on the dimensions of vertebrae,
it should be possible to bend the probe with a minimal curvature radius of
maximum 30 mm [47, 48].

• Be robust. The probe should be robust. The most critical part of the probe are
the optical fibers [49]. No pulling forces should be applied directly to the fibers
to minimize fiber breach, and bending forces should be limited to a maximum
bending radius equal to the bending radius of the fibers.
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Be manufacturable

Lastly, the optical probe should be manufacturable. As the probe will be used for
research purposes, it should be possible to produce the probe at Delft University
of Technology. Furthermore, the probe should be cheap and fast to manufacture.
The costs of the parts should not exceed 300 euros [50]. The time to produce the
prototype should be within 1-2 weeks.

3.1.2 Specifications

A list of specifications related to the functional requirements and sub-functions is
shown in Table 3.1. In general, there are different types of specifications, divided
into must-have, performance, and delightful specifications [51]. Must-have specifi-
cations are those that the design must meet to be valid. Performance specifications
are quantitative, with a number corresponding to satisfaction. Delightful specifica-
tions are wishes; it is a want to have them included in the design, but the design
still functions without them. Because this design is solely focused on proving the
technical feasibility, there are no delightful specifications included.

Functional requirements Specifications Nr. Type
Measure DR spectrum of target tissue

Illuminate target tissue Target tissue:
Parallel to drilling direction
1 mm depth

1
2

must-have
performance

Collect light from target tissue
Light type:
SNR:

NIR light (1000-1400)
Able to detect different bone types

3
4

must-have
must-have

Prevent light disturbances

Absorption:

Reflection
Refraction:

Absorption in probe < 5% intensity
Distance tissue and probe < 10% LAD
No internal reflection
Undesired light directional change < 10%

5
6
7
8

performance
performance
must-have
performance

Be insertable in curved hole in vertebra
Fit in vertebra Diameter: 3.5 mm 9 performance
Be flexible Curvature radius: 30 mm 10 performance

Be robust
Pulling forces:
Bending forces:

No pulling forces direct on fiber
Maximum bending < bending radius fiber

11
12

must-have
must-have

Be manufacturable
Is cheap to manufacture Costs: Less than 300 euro 13 performance
Is fast to manufacture Time: 1-2 weeks 14 performance
Is simple to manufacture Production capacity: At Delft University 15 must-have

TABLE 3.1: List of functional requirements, sub-functions, specifica-
tions, and type of specification.

The final design should meet all of the specifications to the best of its ability.
Table 3.2 can be used to score different concepts towards the specifications. The
must-have specifications should always be included to have a functioning design.
However, for the performance specifications, the level of fulfillment can vary based
on a quantitative number. The fulfillment of a specification can be critical(-), basic
(0), or optimal(+).

3.2 Design strategies

3.2.1 Measure diffuse reflectance spectrum of target tissue

There are various design challenges to appropriately measure the DR spectrum of
the target tissue, which are defined in the previous paragraph as sub-functions that
the design should fulfill. The best strategies to fulfill some of these sub-functions are
already investigated in Chapter 2. As a result, only an overview of all conceivable
design options has been generated for the remaining challenges.
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Nr. critical (-) basic (0) optimal (+)
[1] Tissue parallel to drilling direction X V -
[2] Measurement depth in tissue < 1 mm 1-2 mm > 2mm
[3] NIR light X V -
[4] Able to detect different bone types X V -
[5] Light absorption in probe > 5 % I0 [1-5 %]I0 < 1% I0

[6] Distance probe tissue >10% LAD [1-10 %] LAD <1% LAD
[7] No internal light reflection X V -
[8] Undesired light refraction >10◦ 10-1◦ <1◦

[9] Diameter >3.5 mm 3.5-2.5 mm <2.5 mm
[10] Curvature radius >30 mm 30-25 mm < 25 mm
[11] No pulling forces on fiber X V -
[12] Maximum bending < bending radius fiber X V -
[13] Costs > 300 euro 300-100 euro <100 euro
[14] Time >2 weeks 1-2 weeks < 1 week
[15] Production TU Delft X V -

TABLE 3.2: Specification with different scores which describe degree
of fulfilment, (-) is critical, (0) is basic, and (+) is optimal. V means that
a must-have requirements is included and X means that a must-have

requirement is not included.

Illuminate target tissue/Collect light from target tissue

The optical experiments and simulations in Chapter 2 were mainly focused on inves-
tigating the ideal orientation of the optical fibers within the probe. This concluded
that the best strategy is to emit light at 45◦and collect light at 90◦to the probe’s lon-
gitudinal axis with a distance of 1.2 mm between the two fibers.

Prevent light disturbances

A remaining challenge to correctly measure the DR spectrum of the target tissue is
preventing light disturbances before the light comes in contact with the tissue. An
overview of all possible design strategies to fulfill this function is shown in Figure
3.1. There are two methods to prevent light from being absorbed before it reaches
the tissue. The first way is placing the fiber terminating end in direct contact with
the tissue. However, when indirect contact between the fiber terminating end and
the tissue is required due to design constraints, light absorption can be avoided by
locating a totally transparent material between the fiber terminating end and the
tissue. Internal reflection and unwanted refraction can be avoided by aligning the
indices within the probe and between the probe and the tissue or modifying the
probe’s geometry such that light always enters surfaces between two materials at a
90◦angle.

These solutions are all viable options for including into the design to prevent
light disturbances before the light reaches the tissue.

3.2.2 Be insertable in curved hole

Aside from optical design considerations, the probe should fit into a curved hole in
the vertebrae. The limitations of using the probe within a curved hole in the spine
were not taken into account in the optical design strategy examined in Chapter 2.
As a result, to create an optimal design, the optical design choices must be merged
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FIGURE 3.1: Acrrex tree of the function: prevent light disturbances.
Blue beams are the optical fibers, the red line the light beam, and the
green box the additional transparent material between the fiber and

the tissue.

into a design that can be inserted into a curved hole in the vertebrae. To investigate
all design possibilities, strategies for all sub-functions were created.

Fit in vertebra

This function describes the first challenge for which several solution strategies must
be developed to make the design insertable in a curved hole. An overview of all pos-
sible design strategies to fulfill this function is shown in Figure 3.2. For the proposed
optical design, the light entering or exiting the fibers should be steered at an angle
to the drilling direction. The light can be steered at either the distal or proximal end
of the fiber. However, when steering light at the proximal end of the fiber, the com-
plete fiber must rotate. This is not feasible within the limits of a maximum probe
diameter of 3.5 mm. Therefore, the light should be steered in the desired direction at
the distal end of the probe. A patent review of light steering in fiber-optic medical
devices at the distal end was generated in the first part of this research project [14].
This review gives a comprehensive overview of all possible strategies to steer light.
The distal end of the probe should have two fibers with a reflective surface that can
be inside the optical fiber, at the fiber end surface, or outside the optical fiber to gen-
erate a sideways-looking probe. Furthermore, the surfaces can be separated in the
longitudinal or radial direction.

The generation of a reflective surface at the fiber end or outside the optical fiber
are the most promising strategies. The fibers can be separated in both radial and
longitudinal directions. Because optical fibers cannot bend with the small radius
required, using the reflective surface within the fiber is not possible.

Be flexible

Another challenge is that the probe must be flexible enough to fit into a curved hole
of various sizes. An overview of all possible design strategies to fulfill this func-
tion is shown in Figure 3.3. The different design possibilities of a flexible probe are
that it can be either a continuous body or a segmented body. A segmented body
can contain flexible segments, rigid segments, or a combination of flexible and rigid
segments. A segmented body with rigid and flexible portions is the most promising
design. A fully flexible body will not perform well since the light-guiding will not
be stable, making the optical probe unpredictable and inaccurate. A design made
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FIGURE 3.2: Acrrex tree of the function: probe should fit in hole in
vertebra. Blue beams are the optical fibers, and the red lines the light

beams.

entirely of rigid pieces will bend the fiber abruptly rather than gradually. As a re-
sult, due to the limited bending radius of the fibers, the probe can not be as flexible
as desired.

FIGURE 3.3: Acrrex tree of the function: probe should be flexible.
The rigid parts are depicted in light grey, while the flexible parts are

indicated in dark grey.

Be robust

The third challenge is that the probe must be robust. An overview of all possible
design strategies to fulfill this function is shown in Figure 3.4. The most critical as-
pect is that the optical fibers should not damage when using the probe. There are
two strategies to prevent fiber damage: ensure that the fibers are strong enough to
withstand all forces, or absorb the forces externally with a buffer layer. Because the
fibers are designed to allow for maximum light transmission, using another mate-
rial to increase the fiber’s strength will have a negative impact on light transmission.
Therefore, the best strategy is to use a buffer layer. This buffer layer can be open,
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exposing the fibers to the environment or enclosed, surrounding the fibers. Further-
more, the fibers in the buffer layer can be loose or tightly coupled.

Using a surrounding buffer layer with the optical fibers loose is the most promis-
ing strategy. The fibers will be protected from tension, compression, and impact
forces. An open buffer will not protect the fiber from impact forces, and a tight
buffer will not protect the fiber from tension and compression forces [52].

FIGURE 3.4: Acrrex tree of the function: probe should be robust. The
buffer layer is indicated in yellow and the fibers in blue.

3.2.3 Be manufacturable

Another functional requirements is that the probe should be fast, cheap, and simple
to manufacture. The focus of this design project is on 3D printing as a production
process. This is chosen because the design freedom, speed, and low costs allow for
the creation and testing of multiple concepts in several iterations [53]. In a research
setting, this is desirable in order to study the best potential concept and prototype.
3D printing also has the advantage of being within the university’s production ca-
pabilities, allowing manufacturing to be done on campus.

3.3 Concept design

3.3.1 Final design

The most promising strategies for all sub-functions were included in a morpholog-
ical scheme, shown in Figure 3.5. A combination of all different potential strategies
gives 16 different concepts. All concepts are scored towards the specifications, using
Table 3.2. The different combinations with the corresponding score on the specifica-
tions are shown in Appendix B. The final design choices for all challenges are shown
in yellow in the morphological scheme. Important optical and mechanical features
are included in the final design.

Optical design

The optical part of the final design consists of two optical fibers separated in the
longitudinal direction. The fibers within the probe are step-index multi-mode fiber
optic cables from Thorlabs, with a core diameter of 0.2 mm, a NA of 0.22, and a
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FIGURE 3.5: Morphological scheme of all functional requirements
with most promising solutions. Yellow marked solutions show the

final design.

low OH concentration [36]. These fibers ensure that the optical behavior is similar
to the behavior investigated in Chapter 2. Both fibers are optically connected to a
mirror. The light leaves or enters the probe at a terminating window designed on
top of the probe. The space between the optical fibers and the mirror and between
the mirror and the terminating window is filled with UV curable transparent glue.
The UV curable transparent glue that is chosen is Norland Optical Adhesive 88 [54].
This adhesive is chosen because it has sufficient viscosity to fit into the small holes of
the terminating windows and is transparent to NIR light. The glue has a refractive
index of 1.56.
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To predict the light behavior within the probe and to design the geometry of and
distances between the optical components, an optical simulation in Zemax Optic-
Studio was employed [55]. The simulation’s purpose was to indicate how light
beams propagate through the probe and interact with the optical elements. Because
mainly reflection and refraction were expected, the simulations were run in Zemax’s
sequential mode. The illumination fiber and collecting fiber were simulated sepa-
rately. Both simulations contained a fiber with a diameter of 0.2 mm and a NA of
0.22, a fully reflective mirror, and a terminating window. Furthermore, all empty
space between the optical elements within the probe was filled with glass with a
refractive index of 1.56. During spinal fusion surgery, the probe is considered to be
in contact with the cancellous bone tissue or blood. As a result, the refractive index
of the surrounding tissue is simulated in the range between 1.3-1.55 [56]. The light
leaving or entering the optical fiber is designed as a Gaussian beam, meaning that
the beam diameter is the light with 86% of the light intensity [57].

The Zemax simulations resulted in several design choices. The angle of the
mirror connected to the emitting fiber is 25◦, changing the direction of light with
50◦which results, based on the difference in refractive index between the probe and
the tissue, in the emitted light beam entering the tissue at an angle between 42-50◦.
The angle of the mirror connected to the collecting fiber is 45◦, changing the direc-
tion of light by 90◦which results in light entering the probe at an angle of 90◦. The
mirrors and terminating windows diameters have been chosen to ensure that all
light within an intensity of 86% is directed in the desired direction. Furthermore, the
distances between the optical elements are selected so that light beam divergence is
minimized and the light beams of the two distinct fibers do not overlap within the
probe. The probe is blackened around the terminating windows to guarantee that
only light within the beam-width enters or leaves the probe. The result of both sim-
ulations is shown in Figure 3.6. All diameters and distances of the optical elements
are shown in Table 3.3. Resulting from the best optical design the SDS should be 1.2
mm. However, because of divergence, the simulation shows that a SDS of 1.2 mm
is not possible without interference of the light beams of the two different fibers.
Therefore was decided to increase the SDS of the final design to 2.1 mm.

SDS 2.1 mm
Diameter mirror collecting 0.6 mm
Diameter mirror emitting 1.4 mm
Diameter Terminating window collecting 0.7 mm
Diameter Terminating window emitting 1.5 mm
Distance mirror/mirror vertical (a) 0.8 mm
Distance mirror/mirror horizontal (b) 0.8 mm
Distance fiber and mirror collecting(c) 0.5 mm
Distance fiber and mirror emitting(d) 0.7 mm
Distance mirror and terminating window collecting (e) 0.8 mm
Distance mirror and terminating window emitting( f ) 1.6 mm

TABLE 3.3: Minimum sizes of optical elements in optical probe and
distances between optical elements, see Figure 3.6.

Mechanical design

The mechanical part of the conceptual design consists of a flexible buffer coating
surrounding the optical fibers fixed to a rigid tip incorporating the optical design.
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FIGURE 3.6: Side-view of optical probe including light behaviour.
The blue beam is the emitting fiber and orange beam the collecting
fiber. The blue lines are the light beams, the pink lines are the mir-

rors, and the green lines the terminating windows.

The used flexible coating is from Thorlabs, has a diameter of 2.3 mm, and is made
of stainless steel [58]. This coating has the property of being flexible, although it
can only bend to a minimum radius of 24 mm. The flexible coating is connected to
the rigid tip by a cylindrical press-fit connection fixed by transparent glue [54]. The
optical fibers are loose in the buffer coating, and only the coating is directly fixed to
the rigid tip.

The rigid tip is composed of Formlabs Though 1500 3D printing material [35].
The dimensions of the rigid tip are limited to ensure that the probe can be inserted in
a curved hole. The rigid tip has a diameter of 2.9 mm and a length of 6.66 mm. These
dimensions are a trade-off between maximizing the space for the optical elements,
limiting the radial distance between the probe and the tissue, and minimizing the
diameter and curvature radius of the hole. With this design, it should be possible to
insert the probe in a curved hole with a diameter of 3.4 mm and a curvature radius
of 24 mm, see Formula in Appendix C.

3.3.2 Theoretical performance

Based on the design geometry and material decisions, this conceptual design incor-
porates all the design specifications. This section discusses the level of fulfillment of
all of the specifications, and Table 3.4 provides an overview.

The probe’s optical design ensures that NIR light is emitted and collected in the
same direction as was explored in Chapter 2 as the ideal design. However, the mea-
sured DR spectra from the tissue parallel to the probe can deviate slightly because
the SDS and the spot size of the light beam entering the tissue are slightly larger than
in Chapter 2. Based on the research of Hennessy et al. [18] on the effect of probe ge-
ometry on the optical properties, it is expected that the LAD is slightly greater than
1.2 mm and the SNR lower than investigated in Chapter 2. Because the SDS and the
spot size are still in the size range of those explored in Chapter 2, it is expected that
the probe should still be able to distinguish between cortical and cancellous bone
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from the DR spectra. A prototype will be manufactured and validated to verify this
hypothesis, detailed in Chapter 4.

The space between the optical fibers and terminating windows within the probe
is filled with transparent glue. This adhesive absorbs less than 5% of the light in
the NIR region, according to the transmission spectrum investigated by Norland
[54]. This means that less than 5% of the light intensity within the beam width is
absorbed inside the probe. The refractive index of the glue is 1.56 [54], and the
refractive index of the surrounding tissue is in the range between 1.3-1.55 [56]. As
a result, there will be no internal reflection, and the refraction of light beams at the
probe-tissue interface will be maximum 5◦.

Furthermore, the diameter of the probe is 2.9 mm, and the diameter of the curved
hole in which it can be inserted is 3.4 mm. This means that the distance between
the target tissue and probe can be maximum 0.5 mm, or approximately 40% of the
probe’s LAD. However, this is based on the assumption that the curved hole’s wall
has a high Youngs modulus and hence is rigid. Because the cancellous bone is a
spongy substance, it has a low Youngs modulus [59], which means it is elastic. This
causes the tissue to form around the probe, allowing the probe to be inserted into
a curved hole with a diameter of 2.9 mm without leaving a gap between the probe
and the tissue ( 0% of the probe’s LAD). Future research should investigate if this
assumption is correct when testing the probe in tissue.

The mechanical design of the probe results in a probe diameter of 2.9 mm and a
minimum bending radius of 24 mm. The fibers minimum long-term bending radius
is 24 mm, and the minimum short-term bending radius is 14 mm [36]. The tubing’s
limited bending radius assures that the fibers do not bend any further than the min-
imum fiber bending radius [58]. Furthermore, because the fibers are loose in the
tubing that is rigidly attached to a rigid tip, all tension and compression forces will
be applied to the tubing rather than the fibers.

The probe consists of seven components: two optical fibers, two mirrors, fiber
tubing, transparent glue, and a rigid tip. Thorlabs produces the optical fibers, and
fiber tubing [36, 58], and Norland produces the transparent glue [54]. It costs a total
of 156.60 euros to purchase. A Formlabs 3D printer can be used to create the rigid
tip with the features for the optical elements [34]. Furthermore, the mirrors can be
made from any block of stainless steel with a wire EDM machine. Assuming that
a 3D printer with several printing materials and a wire EDM machine is available
in a research setting, these steps will not incur many additional expenditures. As
a result, the probe may be manufactured in less than a week and for less than 300
euros.

The theoretical performance demonstrates that the conceptual design incorpo-
rates all specifications, thereby meeting all functional requirements. This suggests
that the probe design presented in this chapter could be utilized to measure the par-
allel closeness of cortical bone when measuring along the cortical wall of a vertebra.
A prototype was created and tested to validate the design’s performance and debate
enhancement options, as explained in Chapter 4.

Despite the positive expected performance, the design already has a significant
limitation: the conceptual design is not a finalized product that can be utilized dur-
ing spinal fusion surgery. However, it can only be used to demonstrate the potential
of using a sideways-looking probe in a steerable bone drill to improve spinal fusion
surgery. Several functional requirements focused on usability and safety should be
added to the design to make a final product. An example of a critical specification
related to safety is the use of bio-compatible materials; a list of possible materials for
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the probe is listed in the research of Utzinger [45]. Usability requirements have to be
developed in conjunction with clinical experts.

Nr. critical (-) basic (0) optimal (+)
[1] Tissue parallel to drilling direction X V -
[2] Measurement depth in tissue < 1 mm 1-2 mm > 2mm
[3] NIR light X V -
[4] Able to detect different bone types X V -
[5] Light absorption in probe > 5 % I0 [1-5 %]I0 < 1% I0

[6] Distance probe tissue >10% LAD [1-10 %] LAD <1% LAD
[7] No internal light reflection X V -
[8] Undesired light refraction >10◦ 10-1◦ <1◦

[9] Diameter >3.5 mm 3.5-2.5 mm <2.5 mm
[10] Curvature radius >30 mm 30-25 mm < 25 mm
[11] No pulling forces on fiber X V -
[12] Maximum bending < bending radius fiber X V -
[13] Costs > 300 euro 300-100 euro <100 euro
[14] Time >2 weeks 1-2 weeks < 1 week
[15] Production TU Delft X V -

TABLE 3.4: Specification score of final design which describes level of
fulfilment.
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Chapter 4

Performance analysis of flexible
sideways-looking probe: a
phantom and ex-vivo study

4.1 Introduction

4.1.1 Background

The conceptual design of a flexible sideways-looking probe developed in Chapter 3
is expected to be a functioning product. However, to adequately conclude the func-
tioning of the design, a prototype should be built, tested, and validated. The pri-
mary purpose of the flexible probe is to detect the proximity of cortical bone when
measuring the DR spectrum along the cortical wall of the vertebrae. The test setup
should mimic the conditions of the probe within the vertebrae during spinal fusion
surgery. There are two major components to these conditions. The prototype’s opti-
cal properties should be tested on an object having similar optical properties to the
vertebrae. Moreover, the prototype’s mechanical properties should be tested on an
object with a geometry similar to the desired drilling path of the steerable bone drill
in the vertebrae. The drilling path should go through the vertebral pedicles and
follow the cortical wall.

4.1.2 Goal and structure

The aim of this chapter is to design, test, and validate a prototype of a flexible
sideways-looking probe that could detect the proximity of cortical along the wall
of the vertebrae. The conceptual design was first transformed into a prototype that
should meet the main functional requirements. Secondly, the optical properties of
the probe were tested by measuring the DR spectrum of a two-layer bone mimicking
phantom. This test aimed to investigate if the probe can detect the proximity of cor-
tical bone parallel to the longitudinal axis of the probe in an ideal phantom setting.
Additionally, the probe was tested on ex-vivo porcine vertebrae. The purpose of this
test was to see if the probe could still distinguish between the cortical and cancellous
bone in real tissue with optical properties close to human tissue [60]. Lastly, the flex-
ibility of the prototype was tested. This was done by simply inserting the probe in
a curved hole with a geometry similar to the desired drilling path. A conclusion on
the performance of the flexible sideways-looking probe design should be possible
based on the findings of these experiments.
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4.2 Method

4.2.1 Prototyping

Part production

The conceptual design developed in Chapter 3 was transformed into a prototype
that can be tested toward the requirements. Critical of this prototype is that it
matches all optical and mechanical specifications of the conceptual design. The pro-
totype consists of 8 individual components: two optical fibers, stainless steel tubing,
transparent glue, a fiber connector, a rigid tip, and two mirrors. The commercially
available optical fibers [36], stainless steel fiber tubing [58], and transparent glue [54]
were purchased from the respective suppliers. The fiber connector, rigid probe tip,
and mirrors were designed and manufactured at Delft University.

The fiber connector’s purpose is to allow two fibers to be placed into a single
fiber tube. The fiber connector was designed in SolidWorks and preprocessed in
Ultimaker Cura [32, 61]; technical drawings of the connector are shown in Appendix
A. An Ultimaker S3 printer [62] was used to produce the fiber connector in PLA [63]
with a layer thickness of 0.4 mm.

The rigid tip was designed in such a way that it can include all essential optical
elements, as indicated in the optical design in Figure 3.6. The rigid tip was made of
two parts. The first part was created to make connecting the fibers and fiber tubing
to the rigid tip in the proper location as simple as possible. The second part was
designed so that the mirrors could be easily placed and the light would travel in the
proper direction to the terminating windows. Two holes of the correct size, see Table
3.3, were constructed to include the terminating windows in the design. The planes
of the terminating windows were made straight so that a smooth glass surface could
be produced on top of them during the production process. Finally, the two parts
were made so that they fit together precisely and can be glued together to constrain
rotation. The two parts of the rigid tip are shown in Figure 4.1, technical drawings
of the two parts are shown in Appendix A.

The rigid tip was designed in Solidworks [32] and pre-processed in PreForm [33].
The probe was printed with a Formlabs 3B printer [34] in the material Though 1500
V1 [35]. This material was chosen since it was discovered after numerous printing
cycles that it would produce precise results for the small details within the rigid
tip. The parts were printed with a 0.050 mm layer thickness. The small holes for
connecting the fibers and the mirrors were closed during printing. Therefore, these
holes were drilled at the correct location after printing.

The two mirrors were designed to direct the light in the desired direction. The
mirror that is optically connected to the emitting fiber was designed under an angle
of 25◦to the fiber axis, and the mirror that is optically connected to the collecting
fiber was designed under an angle of 45◦to the fiber axis. To guarantee that all light is
directed in the proper direction, the mirrors were slightly larger than the dimensions
shown in Table 3.3. The mirrors are shown in pink in Figure 4.1. The mirrors were
made out of a stainless steel block. First, a wire EDM machine was used to shape
the stainless steel block to the correct dimensions. Secondly, the angled surface was
polished to a mirror finish. Appendix A shows the exact dimensions of the mirrors.

Assembly

First, the optical fibers, fiber connector, and fiber tubing were combined into a 2.3
mm thick optical needle. The fibers coating was stripped away for 10 centimeters,
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FIGURE 4.1: Rigid tip design consisting of the two rigid parts (grey)
and two mirrors(pink).

leaving only the optical fiber core, cladding, and a thin protective layer. The stripped
fibers were put into the fiber tubing. The remaining optical fiber coating and the fiber
tubing were glued into the fiber connector. The result of this assembly step is shown
in Figure 4.2A.

Second, the first part of the rigid tip was joined to the optical needle. The fibers
were stripped of their thin protective coating and put into the holes in the rigid tip.
In addition, the fiber tubing was pushed into the cylindrical hole. Then, UV curable
adhesive was poured between the fiber tube and the rigid tip. The entire needle was
placed under a UV lamp from Formlabs for 30 minutes to cure the adhesive [64].

Afterward, the mirrors were glued into the second part of the rigid tip, see Fig-
ure 4.2B. The part, including the mirrors, was coupled to the optical needle. Except
for the terminating windows, the tip was painted black with black nail polish from
Hema [65], see Figure 4.2C. Finally, the holes for the terminating windows were
filled with UV curable transparent adhesive to secure the two parts together, pre-
vent the needle from contamination, and match the refractive indices of the probe
and tissue [54]. The adhesive was polished out with a small mirror and then exposed
to a UV lamp for an additional 60 minutes to guarantee that the surface of the termi-
nating windows was smooth [64]. The final prototype is shown inside a vertebra for
scale in Figure 4.2D.

FIGURE 4.2: Assembly process of flexible optical probe. A) Optical
needle. B) Microscopic picture of rigid part including small mirrors.
C) Microscopic picture of final rigid tip design with light beam leav-

ing the collection fiber. D) Final prototype.
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4.2.2 Phantom experiments

Phantom preparation

The phantom used during the experiments was a two-layer bone mimicking phan-
tom. The bottom layer of the phantom had optical properties comparable to cortical
bone and the upper layer to cancellous bone. The cortical bone and cancellous bone
layer were made similar as described in Chapter 2. In contrast to the studies in Chap-
ter 2, the two layers of the phantom were split horizontally rather than vertically. To
make this, first the cortical bone layer was placed in a small square tray and cut in
half to form a straight surface in the middle of the tray. Subsequently, the empty half
of the tray was filled with coconut milk.

Measurements

The experimental set-up consisted of the optical probe, a 3D printed holder, a mi-
cro stage, a spectrometer, and the bone phantom. The set-up is shown in Figure
4.3. Before the measurements were started, the spectrometer and the probe were
calibrated as explained in Chapter 2. The spectroscope emitted and collected light
with wavelengths 900-1700 nm during the measurements. The integration time of
the spectrometer was 1000 ms.

As a starting point of the measurements, the probe was positioned in the can-
cellous bone layer with the cortical bone layer parallel to it and in contact with it.
Important was that the terminating windows of the probe were in direct contact
with the cortical bone layer. In this configuration, 5 reflection measurements were
taken. Consecutively, the distance between the probe and the cortical bone layer
was adjusted in steps of 0.5 mm from 0 to 3 mm, and 5 reflection measurements
were taken at each distance. Subsequently, 5 measurements were taken in the pure
cancellous bone layer without the proximity of the cortical bone layer. Finally, all
steps were done three times in order to triple the amount of measurements.

Data-analysis

The reflectance spectrum was calculated from the raw measurement data by using
Formula 2.4. Furthermore, the data was filtered with a Savitzky-Golay smoothing
filter of the third order with a frame length of 21. This is done to remove the noise
from the reflectance spectrum.

The purpose of the phantom tests was to see if the probe could identify the prox-
imity of cortical bone. The difference in the DR spectra measured in the cancellous
bone layer with varying distances to the cortical bone layer can be used to investigate
this. All DR spectra were normalized to the intensity observed at the wavelength of
1211 nm to compare the differences appropriately. Furthermore, all reflectance spec-
tra from the same distance to cortical bone were averaged and represented as mean
reflectance spectra with SD. The capacity to detect the proximity of cortical bone was
determined by comparing all mean spectra and SDs.

4.2.3 Ex-vivo experiments

Tissue preparation

Porcine vertebrae were used in the ex-vivo experiments. The pig spine was split in
half along the spinal canal in the sagittal plane, and only one-half of the vertebrae
were used in the experiment. The half vertebrae were restored in the freezer and
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FIGURE 4.3: Test set-up of phantom experiments including micro
stage, 3D printed holder, the side-looking probe, and bone phantom

with only cortical bone layer.

taken out 3 hours before the start of the experiments. All distinct vertebrae were
solely detached from each other just before the measurements. Finally, two verte-
bra were chosen for the experiment; these were vertebrae in which the boundary
between cancellous and cortical bone was clearly visible.

Measurements

The experimental set-up consisted of the optical probe, a spectrometer, a water bath,
and the tissue. Before the measurements were started, the spectrometer and the
probe were calibrated similarly to the phantom experiments. The spectroscope emit-
ted and collected light with wavelengths 900-1700 nm during the measurements.
The integration time of the spectrometer was 1000 ms.

The vertebrae were placed in a water bath during the experiments. When using
the probe during spinal fusion surgery, blood is expected to be around the probe
and the tissue. Because the functionality of the probe depends on the difference in
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refractive index between the probe and the environment, the tests are performed in
a water bath, as blood has a refractive index comparable to water [56]. DR measure-
ments were taken by locating the terminating windows of the probe against cortical
and cancellous tissue respectively, see Figure 4.4. First, 5 measurements were taken
at 3 independent locations at the cancellous bone in the first vertebra. In addition, 5
measurements were taken at 3 independent locations at the cortical bone in the ver-
tebra. Finally, the measurements steps were repeated in a second vertebra to double
to amount of measurements.

FIGURE 4.4: Measurement of DR spectrum of cortical bone in porcine
vertebra with sideways-looking probe in water bath.
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Data-analysis

The reflectance spectrum was calculated from the raw measurement data by us-
ing Formula 2.4. Furthermore, the data was again filtered with a Savitzky-Golay
smoothing filter of the third order with a frame length of 21. This is done to remove
the noise from the reflectance spectrum.

The goal of the tissue experiment was to see if the probe could distinguish be-
tween the cortical and cancellous bone in actual tissue rather than in an ideal phan-
tom setting. The difference in DR spectra between the two tissue types can be used
to investigate this. All reflectance spectra were normalized to the intensity observed
at the wavelength of 1211 nm to compare the different data appropriately. Further-
more, all reflectance spectra from the same tissue type were averaged and repre-
sented as a mean reflectance spectrum with SD. The probe’s capacity to distinguish
between cancellous and cortical bone tissue was determined by comparing the mean
spectra and SD of the two tissue types.

4.2.4 Flexibility test

For the flexibility test, a geometric phantom was made. The dimensions of this phan-
tom correspond to the mechanical requirements of the probe, which were based on
the dimensions of the thoracic region’s smallest vertebra [47, 48]. The phantom has
a half-circular shape with a curvature radius of 24 mm and a curved hole in the
edge with a diameter of 3.4 mm. The phantom was made in SolidWorks [32] and
preprocessed in Ultimaker Cura [61]. The 2D drawing of the phantom is shown in
Appendix A. Using the Ultimaker S3 printer [62], the phantom was 3D printed in
PLA [63] with a layer thickness of 0.4 mm. To test if the probe is insertable in a
curved hole in the vertebrae, the probe was inserted in the geometric phantom. To
demonstrate that this was possible, pictures were taken, and the probe was exam-
ined for damage.

4.3 Results

4.3.1 Phantom experiments

The results of the phantom experiments are shown in Figure 4.5. This graph shows
the normalized reflectance spectra between 1000-1400 nm measured from bone phan-
toms with different distances to cortical bone. This figure shows that there is a dip
in the reflectance spectrum around 1211 nm for all measured distances. However,
as shown clearly by the rise in slope in the spectrum between 1150-1211 nm, and
1211-1250 nm, this dip becomes steadily deeper as the distance to the cortical bone
increases. In this region, the reflectance spectra of cortical bone at 0, 0.5, 1.0, and
1.5 mm distances show a significant difference from cancellous bone. On the other
hand, the DR spectra of 2.0 mm and pure cancellous bone strongly overlap.

Furthermore, the reflectance in the region between 1000-1130 steadily increases
from 1.0 mm up to 2.0 mm distance to cortical bone. However, the reflectance spec-
trum of pure cortical bone and 0.5 mm to cortical bone has different shapes. The
observed reflectance and SD are higher compared with the other spectra.

4.3.2 Ex-vivo experiments

The results of the ex-vivo experiments are shown in Figure 4.6. This graph depicts
the normalized reflectance spectra of porcine vertebra cancellous and cortical bone
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FIGURE 4.5: Normalized reflectance spectra measured from a two
layer bone-mimicking phantom with different distances to cortical
bone. The solid line represents the mean and the shaded region the

SD.

measured between 1000 and 1400 nm. The reflectance spectra of both tissues show
a dip around 1211 nm. However, the steeper slope in the spectra between 1130-1211
and 1211-1250 nm indicates that the cancellous bone spectrum has a deeper dip.

Additionally, the intensity in the spectrum of cancellous bone is also larger be-
tween 1000 and 1130 nm, but the SDs partially overlap in this region. Furthermore,
the shape of the two spectra differs between 1000 and 1130 nm, leading the cancel-
lous bone spectrum to peak at 1120 nm and the cortical bone spectrum to peak at
1050 nm.

FIGURE 4.6: Normalized reflectance spectra measured from cancel-
lous and cortical bone in a porcine vertebra. The solid line represents

the mean and the shaded region the SD.
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4.3.3 Flexibility tests

The result of the flexibility test is shown in Figure 4.7. This figure shows a picture
of the probe inserted in a curved hole with a diameter of 3.4 mm and a curvature
radius of 24 mm.

FIGURE 4.7: Picture of the optical probe inserted in a geometric phan-
tom including a curved hole with a diameter of 3.4 mm and a curva-

ture radius of 24 mm.

4.4 Discussion

4.4.1 Interpretation of the results

The goal of this study was to manufacture, test, and validate a prototype of the
flexible sideways-looking probe designed in Chapter 3. This study shows that it is
possible to manufacture a prototype that includes all optical and mechanical charac-
teristics.

The phantom experiment demonstrates that the probe detects a different DR
spectrum for cancellous and cortical bone positioned parallel to the probe. The main
difference is that the dip in the spectra around 1211 nm is deeper in the cancellous
bone layer. Furthermore, the results of this study show that the dip grows as the
parallel distance to the cortical layer increases. As mentioned in detail in Chapter 2,
this can be explained by the differences in fat fraction between the phantom layers
in combination with the probing depth of the optical probe. The rise in the dip with
increasing distance from the cortical bone is most noticeable between 1150 and 1300
nm. The DR spectra of the phantom with parallel distances to the cortical bone of
0 mm to 1.5 mm can be distinguished from those of pure cancellous bone based on
the significant differences in this part of the spectrum. Conclusively, when tested
in a phantom setting, the probe can determine the closeness of cortical bone while
measuring within cancellous bone when the parallel distance to cortical bone is 1.5
mm or smaller. As a result, in addition to the previously developed front-looking
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probe for frontal breach identification by Burström et al.[16], the probe created in
this thesis improves spinal fusion surgery by providing an intraoperative method
for parallel breach detection.

The tissue experiments show that the probe also detects a significant difference
between the DR spectrum of cancellous and cortical bone in real tissue. The key
difference is that the dip in the spectra at 1211 nm is deeper in the cancellous bone
compared to cortical bone, which is similar to the phantom experiments. From this
can be concluded that the probe developed in this study can distinguish between
cancellous and cortical tissue based on the differences in fat fraction [13]. When the
tissue data are paired with the phantom results, it suggests that spectra measured
within a 1.5 mm distance to cortical tissue will fall somewhere between the cancel-
lous and cortical tissue spectra. This indicates that the flexible sideways-looking
probe can also be used to detect the parallel proximity of cortical bone in real tissue.

Even though the differences between the DR spectra obtained in tissue and a
bone phantom are similar, the phantom and tissue studies show a notable difference.
In the range of 1150-1300 nm, both results reveal a significant difference between the
two measured spectra; however, the SD of the measured reflectance spectra on actual
tissue is higher. The heterogeneity of tissue can explain this. The DR spectrum of
cortical and cancellous bone varies between subjects and within a single subject [31].
Furthermore, as Losch et al. [31] discovered, the fat level in actual tissue steadily de-
creases as it approaches the cortical bone, with a lot of variance across subjects. As
a result, the universal difference between the cancellous and cortical bone in real
tissue is smaller. As investigated from the phantom experiments, it is possible to de-
termine the proximity of cortical bone up to 1.5 mm distance. However, as detecting
cortical bone proximity will be more complex in real tissue, the distance at which
it can still be identified may reduce. Future research should concentrate on defin-
ing the universal difference between cancellous and cortical bone and enhancing the
interpretation of the measurements to overcome this.

According to the phantom and tissue experiments, the DR spectrum of pure cor-
tical bone has a slightly different shape and larger SD than the cancellous bone spec-
trum between 1000 and 1130 nm. The difference is most noticeable in the phantom
studies. This effect can be tissue-specific, resulting from optical tissue characteristics
like absorption and scattering, or spectral distortions generated by probe or experi-
ment properties. A common cause of DR spectrum distortion is specular reflection,
as shown in DRS studies in other areas such as soil [66] and chemical [67] com-
pound research. The quantity of specular reflection depends on the surface material
and geometry of the phantom or tissue. Nonetheless, because only experimental
data is available, it is difficult to confirm what is causing the spectral differences in
this study. MC simulations with the optical characteristics of the layers of the bone
phantom and the tissue should be done and compared to the experimental data to
investigate the source of the difference. The MC simulation on pure cancellous and
cortical bone of Swamy et al. [12], see Figure 2.1, show that a spectral difference
between 1000 and 1130 nm is visible in simulated spectra. Future MC simulations
should focus on the change in the DR spectrum as it approaches the cortical bone
to further understand this. If the MC simulations show similar differences between
1000 and 1130 nm as the experiments, it’s reasonable to assume that the optical tissue
properties are responsible. Future research should look at whether it makes distin-
guishing between cancellous and cortical bone more difficult or whether it can be
used as a tool to determine cortical bone proximity.

Lastly, the flexibility test shows that it is possible to insert the probe in a curved
hole with similar dimensions as the required drilling path during spinal fusion surgery.
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From this and the optical experiments can be concluded that the flexible probe de-
sign developed in this study has the potential to be a proper functioning probe that
can detect the proximity of cortical bone when measuring along the cortical wall of
a vertebra. This probe opens the opportunity to improve spinal fusion surgery by
increasing the cortical bone contact without perforating it.

4.4.2 Limitations

The prototype’s important limitation is the low SNR, which requires filtering to ob-
tain a smooth DR spectrum from the measurements. The difference in DR spectrum
between the cancellous bone and cortical bone in actual tissue is small [13]. Because
of the necessity for filtering, some tissue-specific characteristics may be filtered out,
and the difference becomes even smaller. To improve the accuracy of the probe, the
SNR should be improved by increasing the intensity of light that reaches the collect-
ing fiber. This can be done by improving the design of the optical probe developed in
Chapter 3. A major improvement is diminishing the divergence of the emitting light
beam so that the light reaches the tissue with smaller spot size. Because the emitting
fiber’s spot size is large, more light is lost, and a smaller percentage of emitted light
reaches the collector [68, 69]. A simple way to decrease the divergence is by using
optical fibers with a lower diameter or NA. Moreover, reducing the diameter of the
probe or the distance between the optical elements also reduces the divergence of
the light beams. As in Fulghum’s sideways-looking probe design [70], the diame-
ter of the probe can be lowered by using one mirror that emits light in a different
direction than it collects. Additionally, adding a converging lens to the design, as
in the sideways-looking probe of Jono et al. [71], or adding an additional fiber be-
tween the mirror and terminating window, as in the sideways-looking lung biopsy
device of Reich et al. [72], are two ways to decrease the divergence of the light beam
within the probe. Limiting the light beam’s divergence has the additional advantage
of allowing the SDS to decrease, which improves the SNR even further.

Furthermore, manufacturing the optical probe with a different technique than
SLA 3D printing will also improve the probe’s performance. Because the pieces were
printed on a Formlabs printer, the minimum wall thickness and hence the area for
the optical elements within the probe were limited. The light beam does not enter
the mirrors in the exact same direction as intended due to the limited space com-
bined with the 3D printer’s inaccuracy influenced by material, process settings, and
printer type [73]. Subsequently, some light is scattered within the probe, preventing
it from reaching the tissue and collecting fiber. Changing the material and enhanc-
ing the precision will increase the SNR and hence the probe’s performance. Further-
more, using a different material for the probe allows for a smaller diameter due to
the thinner allowable wall thickness, enabling the probe to be used in smaller ver-
tebrae as well [74]. Different types of bio-compatible metals, such as stainless steel,
titanium, or aluminum, are suggested as suitable materials [45]. When a probe is
made of metal, it can be made using a variety of extremely precise micro-machining
techniques, such as wire EDM cutting [75].

The experimental setup of the ex-vivo experiment is the last limitation of this
study. Due to the small number of measurements and substantial variability in opti-
cal properties of the tissue [31], the findings may be biased by the specific character-
istics of the used pig or vertebra. According to the results of this study, the flexible
sideways-looking probe can distinguish between the cortical and cancellous bone in
this specific pig. However, it is difficult to conclude that this is true for all pigs of var-
ious weights and ages, let alone all humans. More ex-vivo measurements on more
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distinct vertebrae should be conducted in future research. This allows the identifi-
cation and elimination of vertebra-specific properties and a better understanding of
the uniform differences between cancellous and cortical bone.

4.4.3 Conclusion

This chapter demonstrates that it is possible to manufacture a prototype of a flexible
sideways-looking probe that is able to detect the proximity of cortical bone when
measuring along the cortical wall of the vertebrae. The study results show that the
prototype can detect the closeness of cortical bone located parallel to the probe at a
depth up to 1.5 mm in an ideal phantom setting. Furthermore, the probe can also
detect the differences in fat content between pure cancellous and cortical bone in
porcine vertebrae. Moreover, the probe can be inserted in a curved hole with similar
dimensions as the required drilling path during spinal fusion surgery. Conclusively,
the probe developed in this study opens the opportunity to improve spinal fusion
surgery by increasing the cortical bone contact without perforating it.

Future research should improve the SNR of the probe by reducing the divergence
of the light beams and improving the accuracy of the optical element positioning
within the probe. Furthermore, future research should focus on establishing the
uniform differences between cancellous and cortical bone to improve the spectra
interpretation.



51

Chapter 5

Overall conclusion

5.1 Conclusion

This thesis aims to design, prototype, and test a sideways-looking DRS probe that
can detect the proximity of cortical bone when measuring along the cortical wall of a
vertebra. The four research phases of this thesis demonstrate a structured approach
to achieving the best possible design.

A patent review about already-existing fiber-integrated biomedical devices that
can steer light indicates that the research topic of this thesis is relevant. The de-
velopment of innovative sideways-looking probe designs will help healthcare by
expanding the use of optical sensors in various new medical applications, including
spinal fusion surgery.

New scientific findings have resulted from discovering the best fiber angulation
for detecting the DR spectrum of tissue parallel to the longitudinal axis of the optical
probe. The results demonstrate that the ideal light signal is achieved when the probe
emits light 45◦off-axis and collects light 90◦off-axis. Because the emitting fiber is
at a 45◦angle to the collector rather than parallel, the probe can detect the optical
properties of a slightly wider tissue area, and there is a more significant difference
in the DR spectrum between cancellous and cortical bone.

The best approach for making the probe insertable into a vertebra combined
with the ideal optical design results in a flexible sideways-looking probe design that
meets all technical requirements. This concept comprises a flexible needle with two
optical fibers attached to a rigid tip with a diameter of 2.9 mm. The rigid tip contains
two mirrors directing light 45◦toward tissue and collecting light 90◦from tissue with
an SDS of 2.1 mm.

A prototype was made that demonstrates that the designed probe can detect the
parallel closeness of cortical bone at a depth up to 1.5 mm in an ideal phantom set-
ting. Moreover, the manufactured prototype can also discriminate between pure
cancellous and cortical bone in porcine vertebrae. Additionally, the probe can be
placed into the pedicles and bent along a vertebra’s cortical wall. Based on the posi-
tive results of all experiments, the flexible probe designed in this thesis can be used
to identify the proximity of cortical bone while measuring along the cortical wall of
a vertebra.

5.2 Future recommendations

Overall, the findings of this thesis show that the flexible sideways-looking probe cre-
ated in this research has the potential to improve spinal fusion surgery by enabling
an increase in cortical bone contact without perforating it. However, to be a usable
product, it must overcome several challenges to improve the probe’s accuracy and
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increase the SNR. The optical elements must be optimized by reducing light beam
divergence and increasing the accuracy of optical element positioning by using a
different material such as metal. Before it can be used in clinical trials, the design
must be improved for usability and safety. The exact requirements for usability and
safety must be developed in collaboration with clinical experts.

Moreover, the sideways-looking probe should be combined with a front-looking
probe to detect cortical bone closeness in all directions and provide 3D feedback to
the surgeon during spinal fusion surgery. Because the sideways-looking probe emits
light at a 45◦angle to the drilling direction, it may easily be transformed into a probe
that can measure tissue parallel to and in front of it by simply adding one extra
collecting fiber facing the front. Based on the findings of this thesis, future research
should design, prototype, and test a side- and front-looking probe.

Finally, before DRS measurements can be used to assist spinal fusion surgery, fu-
ture research should focus on making the discrepancies between the cortical and can-
cellous bone in human tissue more interpretable. Obtaining DR spectra from pure
cortical and cancellous bone should define all tissue-specific properties. A deeper
understanding of the characteristic differences enables accurate identification of the
tissue type being assessed.
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Appendix A

2D Drawings

All 2D drawings of designed parts:

A1-A3 Parts of angulation probe

A4 fibers connector

A5 Mall for flexibility tests

A6-A7 Mirrors of prototype

A8-A9 Parts of rigid tip of prototype
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Appendix B

Design concepts

All possible concepts consisting of different combinations of strategies are shown
in Figure B.1. The combinations of strategies which are not feasible are shown in
Figure B.2. These combinations are not possible because direct fiber tissue contact is
impossible when employing a mirror to shift the direction of light. The score of all
concepts towards the specifications is shown in Figure B.3. A short explanation to
the corresponding scores is listed below:

1-4 all concepts should score basic on these specifications. This is because all de-
signs does include the optical design investigated in Chapter 2.

5 The light absorption in the probe is optimal for the probes with direct fiber
tissue contact and basic for designs that include an additional transparent ma-
terial between fiber and tissue.

6 The distance between the probe and the tissue is good for designs where the
indices of the probe and tissue match and critical for the designs with a special
shaped terminating end to prevent light reflection and refraction.

7 There is no internal reflection in the design with matched indices. However,
there will be specular reflection in the design with a large mismatch in index
between probe and tissue.

8 Due to inaccuracy in the manufacturing of the slanted fibers and the expected
damage on the straight surfaces, undesired refraction will take place in all de-
signs except F and H.

9 All designs with fibers separated in the radial direction cannot be so small that
they fit into a hole with a diameter of less than 3.5 mm. As a result, they receive
a critical rating on this criterion.

10-12 The same strategies for flexibility and robustness are used in all concepts. As a
result, all designs get comparable scores on these specifications. The radius of
curvature is ideal, and force prevention is basic.

13-15 The costs of the probe is for all concepts basic. However, the design that in-
cludes small features within the fiber glass can not be accurately created at
Delft university. When production should be done externally, the production
time is always longer than 1-2 weeks.
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FIGURE B.1: All possible concepts based on combinations of different
strategies for the sub functions
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FIGURE B.2: Combinations of different strategies for the sub func-
tions which are not feasible to realize

FIGURE B.3: Score of all concepts (rows) towards the specifications
(columns).The color red indicates a critical level of fulfillment, orange
indicates a basic level of fulfillment, and green indicates an excellent

level of fulfillment.
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Appendix C

Geometry formula

Figure C.1 shows the derivation and formula of calculating the maximal dimensions
of a rigid part which can be inserted in a curved hole.

FIGURE C.1: Geometric analysis of the maximum dimensions of a
rigid part within a curved hole
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