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Abstract

Introduction: Although being the most advanced spinal stabilization method, pedicle screw
fixation has an increased number of complications compared to other surgical procedures, due
to the complex spinal anatomy, large inter-patient anatomical variability, and the highly vul-
nerable surrounding tissue of the spine. Screw fixation strength can be increased by anchoring
a flexible screw in a hole following the curved trajectory of the more dense cortical shell of the
vertebral body, instead of the porous core. The curved trajectory can be determined by local
diffuse reflectance spectroscopy (DRS) guiding. Currently, there is no commercial phantom
or phantom recipe known that provides the correct optical and structural material charac-
teristics for testing DRS guiding and curved trajectory drilling on, comparing it to similar
devices, and perform surgical training sessions on. The research goal is to design and validate
an integrated phantom that closes this gap. Preliminary test results: Preliminary optical
and structural tests were performed separately on hybrid optical filler samples and structural
matrix samples, respectively. The hybrid optical filler samples made out of water, fat (30%,
40% and 50% fat fraction) and silicone (95%, 80%, and 50%) were inspected visually, and
spectra were obtained by means of a DRS device in week 0 as well as in week 10. The most
promising optical filler sample consisted of 50% of silicone and 50% of water+fat, with a fat
fraction of 40%. The measured DRS signals showed a clear correlation between the fitted
and actual water+fat content, which, can thus be used as a tissue differentiation parameter.
The stability and preservability of phantoms that were enhanced with silicone and resulted
in homogeneous mixtures, was increased compared to samples without any silicone. For the
structural matrix, different 3D printers, materials, and infill densities were evaluated on drill
characteristics and compression characteristics. The best bone mimicking structural phantom
consisted of an FDM printed part made out of ABS with a gyroid infill structure with an
infill density of 50%. Integrated phantom validation: The combination of the optical
filler and the structural matrix was validated by infusing the optical filler in the structural
matrix with a vacuum chamber and measuring the drill characteristics and DRS spectra at
various depths inside the phantom. A gradual increase in axial drilling force and a gradual
change in spectral shape was noticed as a function of depth from the cancellous zone, to the
pre-cortical zone and cortical zone. Discussion: The ABS material and the actual optical
filler constituents (such as peanut oil and specific silicone types) should be implemented in
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the fitting algorithm. Nevertheless, the results of this research show not only great potential
phantom design for a wide variety of bone types because of the structure and shape design
flexibility of 3D printing, but also for soft tissues by using only the optical filler with a much
better stability and preservability than traditional soft tissue phantoms.
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Chapter 1

Introduction

The number of complications during spinal surgeries is relatively high compared to other
surgeries and the number of spinal surgeries is increasing in a fast rate as well. Because
of this, there is need for a novel enhanced pedicle screw fixation method. One concept is
pedicle screw fixation following a curved pathway along the cortical shell of the vertebral
body by guiding based on Diffuse Reflectance Spectroscopy (DRS). Currently, no phantom
exists that is easy to use and produce, reliable, cost-efficient and stable over time, to test
this novel surgical device on. This chapter will guide you through the prerequisite anatomical
knowledge, pedicle screw fixation procedure and enhanced pedicle screw fixation concept to
come to the design objective of designing and validating a phantom that facilitates testing of
the DRS system and the curved drill and flexible screw anchor systems simultaneously.

1.1 Prerequisite anatomical knowledge

First, the anatomy of the spine as well as bone characteristics will be discussed. The anatom-
ical information mentioned in this section originates from Klenerman [3]. The anatomical
reference system that is used throughout this report is shown in Figure 1.1.

1.1.1 Spinal anatomy

The spine or spinal column is a structure consisting of multiple vertebral bones vertically
stacked and separated by intervertebral discs. The main functions of the spine are providing
support to the head and trunk, protecting the spinal cord, and providing attachment points
for the ribs, back muscles, and neck muscles. The spine is subdivided into three regions, from
the head towards the pelvis: the cervical spine, the thoracic spine, and the lumbar spine.
The vertebrae become progressively larger towards the pelvis because the weight on the lower
parts of the spine increases as well. A healthy spine viewed from the sagittal plane is naturally
positioned in an S-shape. A representation of a healthy spine is shown in Figure 1.2a.
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Figure 1.1: The anatomical reference system [1]

For some patients, the spine has an abnormal curvature. One frequent example is scolio-
sis, which is an abnormal lateral curvature of the spine, as shown in Figure 1.2b. Another
example is kyphosis, which is a dorsally abnormal curvature of the upper part of the spine
shown in Figure 1.2c. Kyphosis is a common disease for elderly people because it can result
from osteoporosis (which will be discussed in the next section). An abnormal ventral lumbar
curvature is called lordosis, and is shown in Figure 1.2d, which can result from pregnancy, a
potbelly, spinal tuberculosis, or osteomalacia.

In Figure 1.3, various parts of a vertebra are labeled. A vertebra is subdivided into two
sections: the vertebral body and the vertebral arch (indicated in Figure 1.3a). The vertebral
body is the largest bony part of each vertebra. Due to its flat shape with a large horizontal
surface, the vertebral body is optimized for resisting vertical loads. Approximately 80% of
the weight of the body is supported by the vertebral body [16]. On top of that, it protects
the vulnerable spinal cord, indicated in Figure 1.3b. Vertebral dimensions vary per person,
depending on sex, age, and body length. A study by Maclaughlin and Oldal [17] showed that
the average diameter of the lower thoracic and first lumbar vertebral bodies in the medial-
lateral direction for grown males is 30.8 mm and for females 26.3 mm, and in the anterior-
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Figure 1.2: Spinal anatomy and several spinal diseases [2]

(a) Vertebral bone (b) Vertebral disk

Figure 1.3: Vertebral anatomy [3]

posterior direction for males 27.3 mm and for females 19.5 mm. Furthermore, Urrutia et
al. [18] showed that the average diameter of the lumbar vertebral bodies in the medial-lateral
direction is 43.6 mm and in the anterior-posterior direction 33.1 mm.

Vertebral bodies consist of a dense cortical shell surrounding a porous cancellous core. The
thickness of the cortical shell at the anterior vertebral body region was found to vary greatly
between studies and was determined to be between 0.2 and 0.4 mm by Ritze et al. and
Eswaran et al. [19, 20], to be between 0.4 and 0.5 mm by Mosekilde [21], and to be between
1 and 2 mm thick by Swamy et al. [14, 22] for healthy bone.
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Figure 1.4: Generalized shape of a pedicle. PDH = pedicle height, PDW = pedicle width,
CTS = cortical shell thickness of the superior, CTI = cortical shell thickenss of the interior, CTL
= cortical shell thickness of the lateral, CTM = cortical shell thickness of the medial, CCH =
cancellous core height, CCW = cancellous core width (adapted from [4])

The vertebral arch consists of one lamina with three processes (one spinous process and two
transverse processes) and two pedicles. The spinal processes provide attachment points for
muscles that stabilize the spine and enable trunk movement. The two pedicles protect the
spinal cord and nerves laterally and also provide a bridge between the anterior and posterior
part of the spine [16].

Just like other parts of the vertebra, the pedicle also consists of a dense cortical shell surround-
ing a porous cancellous core. The shape of the pedicle varies per vertebra but on average, the
inner cancellous core is oval-shaped. The superior and inferior cortical shell thicknesses are
approximately the same but the lateral cortical shell thickness is structurally lower than the
medial cortical shell thickness. A simplified figure of the cross section of a pedicle is shown
in Figure 1.4.
Subsequent vertebrae are separated by vertebral discs, the oval-shaped area indicated in gray
in Figure 1.3b. The vertebral disc is made out of soft pad-like material and gives the spine
its flexible, elastic structure. Furthermore, it damps forces acting on the spine. As can be
seen in Figure 1.3, the spinal canal hosts the spinal cord. The spinal cord connects the brain
to the rest of the body and is protected by the spine. Damaging the spinal cord might result
in paralysis or chronic pain.

1.1.2 Bone structure and material characteristics

As mentioned previously, skeletal bone consists of a dense bony shell surrounding a porous
core. The porous bone core is often referred to as trabecular bone or cancellous bone and con-
tains less than 70% solid Bone Volume Fraction (BVF) [23,24] but typically only 10-50% [25].
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The equation for the BVF is given in Eq. 1.1 and is defined as the volume of bony material
(stripped from marrow) over the bulk tissue volume (both the hard bony part, as well as its
voids). The cancellous bone is an open cellular structure, consisting of trabeculae [21,23,24].
Trabeculae are beam-like elements that make up the spongy structure of cancellous bone. The
structure consists of 0.20-0.22 mm wide plate-like shaped vertical columns that are connected
horizontally by slightly thinner, approximately 0.18 mm thick struts [21,23]. A visualization
of such a cancellous bone structure can be seen in Figure 1.5. The trabeculae are not ran-
domly oriented but are aligned along the direction of stress occurring in each bone in the
body. In this manner, an efficient way of resisting forces is developed by nature.

BV F = bone volume/bulk volume (1.1)

Figure 1.5: Structure of cancellous bone [5]

In the cavities of cancellous bone, a mixture of red and yellow bone marrow is situated,
containing more hematopoietic cells and fat cells respectively [21, 26]. In the case of adult
vertebrae, the cavities are mostly filled with yellow bone marrow [14, 26]. The bone marrow
volume fraction of cancellous bone increases with decreasing solid BVF and varies between
30 and 95% of the total bone volume. According to Nouh et al. [26], yellow bone marrow
consists of 80% fat, 15% water and 5% proteins. According to Sierpowska et al. [27], cancellous
bone (the combination of solid bone and bone marrow) contains 18.8% water, 48.4% organic
matter (of which 81.6% is fat, 17.8% is collagen and 0.5% is glycosaminoglycan (GAG)), and
20.5% inorganic matter (minerals). This results in a maximum total (water+fat) content in
cancellous bone of 58.3% [27].

The Fat Fraction (FF) in tissue is defined as the fat content of a fatty aqueous mixture over
the total water+fat content, as can be seen in Eq. 1.2 [22]. The FF of cancellous bone was
measured with an MRI machine by Swamy et al. [14]. The fat fraction that results from
MRI measurements is called the Proton Density Fat Fraction (PDFF) and ranged from 15 to
60% [14]. The fat fraction of cancellous bone was also measured with a DRS device several
times by Swamy et al. [28]. The fat fraction that results from DRS measurements is called
the Diffuse Reflectance Fat Fraction (DRFF) and ranged between 30 and 70% [28]. In several
studies, the fat fraction of the cortical bone was measured as well, which was so small that it
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was assumed to be negligible (0%) [8, 14].

FF [%] = F

F +W
× 100 (1.2)

According to Roy et al. [25], the material stiffness properties of the individual trabecu-
lae are approximately the same as the cortical bone material stiffness properties. The
E-Modulus of individual trabeculae differs per site and orientation (Superior-Inferior (SI),
Medial-Lateral (ML), and Anterior-Posterior (AP)) and varies between 15.7 and 22.7 GPa,
and the E-Modulus of cortical bone differs per site and orientation as well, and varies be-
tween 16.7 and 18.1 GPa. However, the material properties of the overall cancellous bone
structure are significantly different than those of cortical bone because of the porous struc-
ture of cancellous bone. The structural characteristics of cancellous bone differ strongly per
orientation [29]. This is due to the anistropic structure of trabeculae. Because the load in
vertebrae is mainly carried in the SI direction, vertebral cancellous bone has a higher strength
in that direction compared to the ML and AP directions. In Table 1.1, a summary can be
found of the structural characteristics of cancellous bone in various studies. As can be seen
in this table, the reported E-Modulus and yield strength of cancellous bone vary greatly. The
reason for this is the high inter-patient variance. The structural properties of cancellous bone
are among other things dependent on the patient-specific BVF, mineral density, age, sex,
and disease. However, multiple studies have found a significant positive correlation between
BVF and E-Modulus and yield strength [23,29,30]. For this reason, the BVF and additional
measurement information of each study is mentioned in the table as well.

The dense shell that surrounds the cancellous bone is often referred to as compact bone,
lamellar bone or cortical bone, and contains more than 70% solid BVF [23, 24]. The cortical
bone encloses the cancellous bone and provides attachment points for ligaments, tendons and
other connective tissue. Although most of the cortical bone is made up out of inorganic
components such as mineral salts, it is riddled with canals hosting nerves and blood vessels.
According to Carter et al. [24], cortical bone consists of 45% inorganic matter (minerals),
35% organic matter (of which 90-95% is collagen), and 20% water. In total, cortical bone
thus consists of maximally 23.5% water+fat.

Since the definition of cortical bone requires the range of solid BVF to be smaller than in
cancellous bone (namely 70-100%), the range of structural characteristics of cortical bone
that have been measured by various studies is smaller as well. The density of cortical bone
was determined to be 1800 kg/m3 by Gibson et al. and Carter et al. [23, 24]. A summary of
the measured values of various cortical bone material characteristics can be found in Table
1.2. For simplicity, it is assumed that cortical bone has a BVF close to 100% thus the BVF
is not mentioned in this table.

Although bone has been described as a dense cortical shell with a porous cancellous core up
until this point, the border between cancellous and cortical bone is not so sharp. In reality,
the porous structure of the cancellous bone changes gradually when approaching the cortical
bone, resulting in gradually less cavities and more densely packed plate-like trabeculae. This
is why cortical bone sometimes is referred to as compact bone. Such a transformation from
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Apparent
density [kg/m3]
(BVF [%])

Direction E-modulus
[MPa]

Yield
strength
[MPa]

Measurement description Reference

292.6-367.8*
(16.3-20.4) ML/AP 40-70 - Human vertebrae,

age 20 Mosekilde [31]

125.4-209.0*
(7.0-11.6) ML/AP 2-10 - Human vertebrae,

age 80 Mosekilde [31]

149 (7.6**) ML 42.9 - Human vertebra Nicholson [29]
149 (7.6*) AP 51.6 - Human vertebra Nicholson [29]
149 (7.6**) SI 164.7 - Human vertebra Nicholson [29]
292.6-367.8*
(16.3-20.4) SI 120-150 - Human vertebrae,

age 20 Mosekilde [31]

125.4-209.0*
(7.0-11.6) SI 20-50 - Human vertebrae,

age 80 Mosekilde [31]

180 (10.0) SI 344 2.0
Human vertebra,
unwashed and still
containing marrow

Morgan and
Keaveny [32]

(20.8) SI 129 13 Pig vertebra Teo [30]

(15.0) ML/AP 0.6-100 0.3-3 Columnar structure,
human tibia Gibson [23]

200 (11.0) SI 30 2

Asymmetric cancellous
structure of human
tibial plateau and
bovine femoral condyles

Gibson [23]

600 (33.0) SI 200 20

Asymmetric cancellous
structure of human
tibial plateau and
bovine femoral condyles

Gibson [23]

1000 (55.0) SI 5000 50

Asymmetric cancellous
structure of human
tibial plateau and
bovine femoral condyles

Gibson [23]

(11.0) SI 150 2 Columnar structure,
human tibia Gibson [23]

(33.0) SI 300 5 Columnar structure,
human tibia Gibson [23]

(55.0) SI 700 10 Columnar structure,
human tibia Gibson [23]

Table 1.1: Summary of measured cancellous bone material characteristics researched in different
studies. BVF = bone volume fraction based on trabecular bone material density of 1800 kg/m3,
SI = superior-inferior, ML = medial-lateral, AP = anterior-posterior.

*The apparent density was not reported in the paper but is calculated here with the proven ash/apparent density ratio of 0.598 [33].

**The BVF was reported in the paper and was based on a different trabecular bone material density of 1962 kg/m3.
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Direction
E-mo-
dulus
[GPa]

Yield
strength
[MPa]

Ultimate
compres-
sion
strength
[MPa]

Measurement description Reference

- 18.5 - - No measurement description Eswaran [20]

SI 17.0 - 193
Human femoral cortical bone,
mean of a wide variety of
ages (19-80)

Carter [24]

ML/AP 11.5 - 133
Human femoral cortical bone,
mean of a wide variety of
ages (19-80)

Carter [24]

N.M. 16.8 114.1 -
Human femoral cortical bone,
mean of a wide variety of
ages (19-89)

Carter [24]

SI 18.1 - - Human vertebral bone,
55+ age Roy [25]

ML 16.9 - - Human vertebral bone,
55+ age Roy [25]

SI 16 - 123
human cortical tibial plateau
and
bovine femoral condyles

Carter [24]

Table 1.2: Summary of measured cortical bone material characteristics researched in differ-
ent studies. SI = superior-inferior, ML = medial-lateral, AP = anterior-posterior, N.M. = not
mentioned
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cancellous to cortical bone usually takes place within the first 3 mm of the surface of the
cortical bone [22]. The area between the cortical bone and the cancellous bone is referred to
as the pre-cortical zone [8, 22].

There are some cases in which the structural characteristics of bone deviate from the average.
Osteoporosis refers to a group of diseases in which bone density decreases over time. Bones
become light, porous and less strong. With osteoporosis, all bones experience a decrease
in density, although the cancellous bone of vertebrae is most vulnerable to osteoporosis.
Osteoporosis mostly appears with aging but can also be induced by a lack of exercise, a
calcium-poor diet or a metastatic disease [21]. Research by Mosekilde showed that age-related
thinning of the cortical shell takes place, decreasing the cortical shell to a thickness of 0.2-0.3
mm [21]. On top of that, the thickness and number of transverse trabeculae decrease with
ageing, causing a decrease in BVF and surface density, resulting in decreased bone strength.
The trabecular thickness for young healthy individuals is approximately 0.18 mm and the
decreased trabecular thickness is 0.09 mm [21]. For example, research has shown that the
ultimate strength of cancellous bone decreases from 4.6 MPa at age 20 to 1.2 MPa at age 80 in
the SI direction and from 2.0 MPa at age 20 to 0.3 MPa at age 80 in the other directions [21].
Furthermore, the ash density of the cancellous bone decreases from 200 kg/m3 at age 20 to
100 kg/m3 at age 80 [21].

When a rise in temperature of bone takes place, the irreversible death of bone cells might
occur, which is called thermal osteonecrosis [34,35]. Both the temperature and the exposure
duration are factors that determine osteonecrosis. Research showed that thermal necrosis oc-
curs when bone is exposed to either a minimum temperature of 47°C for a minimum duration
of 1 minute, or a temperature of 55°C for a minimum duration of 30 seconds [34–36].

1.2 Spinal fusion

There exists a wide variety of spinal diseases and disorders that cause pain, deformities, and
dysfunction, thereby decreasing a patient’s quality of life [37,38]. Spinal fusion, also referred
to as spinal arthrodesis, is a medical procedure that is often applied to release pain and treat
spinal diseases. In spinal fusion, two or more vertebrae grow rigidly together by means of
added bone graft, such that no movement between them is possible anymore. The vertebrae
that are fused, are fixed relatively to each other during a spinal surgery to release loads,
thanks to which the fusion process can take place. Figure 1.6 visualises the spinal fusion
healing process.

The diseases that are most often treated with spinal fusion are degenerative diseases [38,39].
Such degenerative diseases include degenerative scoliosis and degenerative stenosis (narrowing
of the vertebral canal). Mechanical causes of pain or dysfunction such as spinal fractures or
spondylolisthesis (the downward shift of a vertebra) can also be treated with spinal fusion
[37,39]. When an intervertebral disc prolapses, it can protrude into the spinal canal, pressing
on nerves. This is called a hernia and can be treated with spinal fusion as well [3]. Spinal
fusion can be applied in case of spinal instability either due to disease or after decompressive
surgical procedures [37]. Lastly, patients with certain metastatic neoplastic pathologies can
also be treated with spinal fusion [37,40–42].

The number of spinal surgical procedures have increased enormously between 1998 and 2008
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Figure 1.6: Spinal fusion healing process [6]

with 137% [38, 39]. This large increase in total spinal fusion surgeries is caused by multiple
factors. First of all, the size of the aging population increased enormously, causing increased
number of osteoporosis cases, and resulting in spinal deformities. Secondly, spinal fusion
technologies such as pedicle screw fixation, artificial bone graft development, and minimally
invasive surgery have advanced, which makes spinal surgery more reliable, widely applicable,
and safe [38,39].

The intervertebral disc that is made out of flexible material and that is naturally in between
two vertebrae is replaced by autologous, allogenic or artificial bone graft [38]. The bone graft
provides for a bone remodelling scaffold such that the two vertebrae can be fused together,
similar to a bone fracture healing process [38]. To correct for deformities, stabilize the verte-
bra, or fix them relative to each other such that the healing can take place, an internal fixation
structure is integrated in the spine. There are multiple techniques for fixating vertebrae. One
of the earliest devices was designed by Harrington and spanned multiple vertebrae [37, 40].
Because of among other things, loss of fixation and bone fracture, a newer technique was de-
veloped by Luque [37, 40]. This device had a wire running through the spinal canal, making
it more flexible and less prone to bone fracture. However, an increased risk of neurological
damage arose. Because of this, a different approach was taken by means of hook-lamina
segmental fixation, limited to cases with in tact laminae and facets.

The most recent advancements in bone drilling and spatial orientation devices allowed for the
development of the Pedicle Screw Fixation (PSF) technique. This technique does not require
intact posterior elements, does not require spinal canal intrusion, the fixation force can be
directed, and the screws provide good rigidity [37]. The rate of successful fusion with PSF
compared to other fusion methods is high, namely 70-97% [37]. PSF is currently the most
often used technique for spinal fixation. This fixation approach will be explained in more
detail in the following section [4, 37,43,44].
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1.3 Pedicle screw fixation

As mentioned above, the most commonly applied spinal fusion technique up till now is PSF
[4, 37, 44–49]. The procedure of placing a pedicle screw will be explained in the following
section. After that, common complications with PSF will be discussed, leading to enhanced
PSF solutions.
Spinal fusion using PSF is effective because pedicle screws have a relatively good fixation
strength compared to other fixation techniques. The screws are placed through the pedicles
because pedicles have a high percentage of dense cortical bone (30-50%) [4,44,50] and a bene-
ficial cortical shell shape for screw tapping (oval). Because of the higher cortical bone content,
pedicles have a higher overall bone strength. Research has pointed out that approximately
60% of the fixation strength of the thoracic and lumbar pedicle screws is contributed by the
pedicle bone segment (compared to 15-20% by the vertebral body and 20-25% by the anterior
cortex) [4, 20,22,45,51].

1.3.1 Procedure

Prior to being able to fix two or more vertebrae to each other with plates and rods, anchor
points should be attached to the vertebrae. These anchor points are the pedicle screws. The
most common method for placing pedicle screws in vertebrae is the posterior approach. The
patient is put under general anaesthesia and turned to the prone position (face down) before
the procedure starts [52]. There are several ways to access the spinal region. The most
invasive approach is the open approach in which the surgeon performs a standard posterior
midline exposure to reveal the transverse process and the midline structures [7]. Less invasive
approaches are the mini-open approach and the minimally invasive surgery (MIS), in which
small incisions are made in the region of interest, through which surgical equipment is inserted
into the patient’s body.
The first step in placing the pedicle screws is selecting the entry point. The earliest tech-
nique for placing pedicle screws uses anatomical landmarks as reference points to correctly
position the pedicle screws. This method is called the free-hand (FH) approach. More recent
techniques make use of additional intraoperative medical imaging systems such as the C-arm
system for more accurate screw placement. After the entry point has been determined, the
second step is drilling through the cortical shell of the pedicle. When the cancellous bone is
reached, a blunt probe is used to carve the correct trajectory inside the cancellous bone of
the pedicle and the vertebral body. When the probe is fully advanced into the vertebra, the
next step is to tap the hole while following the trajectory of the probe. The last step consists
of inserting the screw into the tapped hole.
It was shown that penetration of the anterior lumbar vertebral body cortex during pedicle
screw placement increases screw pull-out strength up to 16-25% [37, 45]. However, anterior
cortical breach increases the risk of vascular injury. For this reason, the recommended screw
insertion depth is 50-80% of the vertebral body [37,45].

During the PSF procedure the surgeon uses an orthopaedic drill to make the screw hole.
The axial load that is required to drill through cancellous bone differs from the load that
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is required to drill through cortical bone at the same feed rate and rotational speed [35].
The force sensed by the surgeon can thus be an indication of the drill tip location inside the
vertebra and can be used as a warning signal for cortical breach. Three factors that affect
the axial force on an orthopaedic drill are the drill rotation speed, the feed rate, and the
drill diameter and geometry [34, 35, 53–56]. According to Duperron et al. [54], the axial load
decreases with a factor of 5 when drilling through cancellous bone compared to cortical bone.
Marouf et al. [53] have shown that, when drilling through a porcine femur with a feed rate of
2 mm/s, a rotation speed of 3300 rpm and a drill bit diameter of 2.5 mm, the axial force on
the drill in the cortical bone peaks at a value of 15-23 N, and the force in the cancellous bone
varies between 0-5 N. Hu et al. [55] showed that drilling in bovine vertebrae with a feed rate
of 0.5 mm/s, a rotational speed of 8000 rpm, and a 3 mm diameter drill bit resulted in an
average axial force of 4-8 N in the cortical bone and 1-4 N in the cancellous bone. Research
carried out by Kan [34] used a Sawbones cancellous bone phantom made out of rigid cellular
polyurethane foam combined with a cortical bone plate made out of short fiber filled epoxy
and measured the axial force on the drill. With a feed rate of 1 mm/s, a rotational speed of
500 rpm and a drill bit diameter of 2.7 mm, the resulting force in the cancellous bone phantom
varied from 0-10 N with a mean around 6 N and the force in the cortical bone peaked at 48
N.

1.3.2 Complications

Spinal fusion surgical outcomes vary greatly, which could be caused by the fact that surgical
decision-making varies between surgeons [45, 57]. Next to that, patient-specific variables
such as anatomic landmarks, bone density, disc-space penetration, and pedicle size, shape
and angulation can vary greatly [43, 45, 46, 49, 58, 59]. This makes the procedure of pedicle
screw placement a difficult process, which requires extensive prior knowledge and experience
[4, 7, 43,45,49,59].

Spinal fusion surgery has shown increased number of complications compared to other surg-
eries [7,39,45–47,57,57–61]. During spinal fusion, extensive dissection, longer operative times,
increased risk of death, and increased risk of blood loss have been observed [57]. By Vaccaro
and Garfin [37], complication rates up to 63% have been reported. Out of these 63%, approxi-
mately 5% of the complications were caused by misplacement of pedicle screws. Misplacement
of pedicle screws can result in cortical breach, which is defined as the unintended puncture
of the vertebral cortical shell during pedicle screw placement. Common examples of pedicle
screw breach are depicted in Figure 1.7. In 3-30% of the cases, screw fixation failed due to
pedicle screw breakage [37].

When cortical breach occurs, the risk of neurological damage is high because the screws are
placed in very close proximity to the spinal canal [4, 43, 45–47, 57, 60]. On top of that, as
explained in Section 1.1, around the spine there is a high concentration of vulnerable blood
vessels [49]. Damaging these blood vessels during PSF could result in permanent injury as
well. Especially PSF in the thoracic spine is challenging because of the small vertebral dimen-
sions [4, 7, 58]. Mirza et al. [7] have reported cortical breach in the thoracic spine in 16-54%
of the cases.
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(a) (b)

Figure 1.7: Examples of pedicle screw breach (adapted from [7])

Another complication that occurs during spinal fusion is reduced fusion quality due to os-
teoporosis. A large number of medical indications for pedicle screw fixation are caused by
aging and osteoporosis. With osteoporosis, the density of bone decreases, which also decreases
bone strength and the self-healing ability of the bone. This in turn causes spinal conditions.
However, pedicle screw fixation relies on screw anchoring in bony structure. Because of the
reduced bone strength, there exists an increased risk of pedicle screw loosening for patients
suffering from osteoporosis [62, 63]. Because of the reduced self-healing ability of the bone,
there exist an increased risk of fusion failure as well.

1.4 Enhanced pedicle screw fixation

Because of the high rates of complications during PSF, several techniques were developed
to enhance PSF. Firstly, the trajectory of pedicle screws can be improved to reduce risk of
cortical breach. Secondly, the fixation strength of screw can be improved.

1.4.1 Guided drilling

Global guiding

In order to improve pedicle screw placement, several devices were developed to track down
the location of pedicle screws relative to vertebra parts. These global imaging techniques
provide spatial orientation. Intraoperative spatial orientation can be very useful, especially
in spinal surgery, because the procedure of PSF is difficult due to the inter-patient anatomic
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variations [43, 45, 46, 49, 58, 59]. Even though a surgeon would be highly trained and familiar
with the spinal anatomy, anatomic variations due to deformed spines in patients with scoliosis
or spondylolisthesis might cause complications during PSF without sensor guidance [45].

First, intraoperative fluoroscopy was introduced, which still remains the most common global
guiding tool for pedicle screw placement [40, 43]. Although this resulted in reduced pedicle
screw misplacement, fluoroscopy makes use of ionizing radiation, which is harmful for both
the patient, as well as the surgical staff [40,43]. For this reason, other guidance tools such as
intraoperative computational tomography-based (CT-based) devices were developed [40, 43].
As shown by Schwarzenback et al. [61], complete preoperative CT scanning resulted in a
2.7% pedicle perforation rate, while incomplete preoperative CT scanning resulted in a 25%
pedicle perforation rate. Van Dijk et al. [64] reported a comparable pedicle screw breach rate
out of the safety zone of 2 mm of 2.1% by use of a pre-operative CT. Solomiichuk et al. [42]
have reported the use of a CT-based robot for pedicle screw trajectory determination, which
had a similar screw placement accuracy as fluoroscopy-based guiding solutions. However,
CT images still require expert interpretation, which increases operating times and result in
calibration errors [43, 65]. Overall, the use of global navigation systems are expensive, time-
consuming and require configuration before surgery [43,58,65].

Local guiding

To eliminate such drawbacks, the most recent studies focus on the use of local guiding systems.
These local guiding systems do not provide the pedicle screw position relative to the vertebra,
but rather provide information about the tissue composition at the tip of a probing device. In
this manner, the location of the tip of the device can be deduced through tissue differentiation.

Most intraoperative guiding systems are optical sensing systems, including Raman spec-
troscopy, diffuse reflectance spectroscopy (DRS), fluorescence spectroscopy (FS) and hyper-
spectral imaging (HSI) [66]. All these optical systems are non-harmful and most (except
for FS) don’t make use of administered contrast agents. Because of the simple and low-cost
setup and short spectral acquisition time of FS, DRS and HSI, these techniques are applied
often for local guiding. When comparing DRS and FS, FS has some additional drawbacks.
It either suffers from low signal-to-noise ratio and limited applicability (autofluorescence),
or potential toxicity, long waiting times and a limited temporal window (FS with contrast
agent). If more detailed information about tissue constituents is required, the slightly more
complex technique of Raman spectroscopy is usually applied. However, the signal acquisition
time for Raman spectroscopy is much higher due to which it can not be used intraoperatively
in real time [66].

A research group from the TU Delft has performed several studies in which the DRS signal
of reference phantoms, ex vivo human vertebrae, and in vivo porcine cadavers was measured.
The reflectance signal obtained in the cancellous bone was significantly different than the
signal obtained in the cortical bone, as well as the signal obtained in the surrounding tissue.
An example of the resulting spectra is shown in Figure 1.8.

Because the DRS signal differs per tissue type, it can be used to differentiate between tissues.
The most simple approach is to use raw spectra and compare the spectral shape relatively [67].
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Figure 1.8: Diffuse reflected spectroscopy measurements of different types of human tissue as a
function of wavelength. The measurements were obtained by inserting a DRS probe on human
cadavers all the way through the pedicle of the vertebra till cortical breach occurred, and measuring
the reflectance signal at specified depths with known tissue types. (data obtained from [8]).

One could also take it one step further and construct the physical properties of the sampled
material (the absorption and scattering spectra) from the DRS signal and compare them
to prior known tissue optical properties [67]. The most intensive approach is to use the
constructed scattering and absorption spectra in combination with known scattering and ab-
sorption spectra of chromophores to estimate the sample tissue composition [66–68]. The
output would be an estimation of the volume percentage of biological substances present in
the sample tissue, which can be compared to tissues with known compositions [66].

A research group from the TU Delft has developed an algorithm that employs the most
extensive classification method by fitting standard chromophore absorption and scattering
spectra in DRS signal spectra [69]. The algorithm combines standardized spectra of tissue
components such as blood (hemoglobin), water, and fat, to estimate the composition at
different locations in the test specimen. The output of the fitting algorithm is an estimation
of the relative content (volume percentage) of components present in the specimen, such as
the (water+fat) content, the blood content and the FF. Based on the spectra-derived fitting
parameters in combination with prior knowledge about the composition of various tissue
types, the tissue type at a specific measurement location can be identified.

The fitting algorithm was used in previous studies to identify the boundary between cancellous
and cortical bone, based on the estimated FF of the tissue [8, 14, 28, 70]. Out of all the
output parameters of the algorithm, the FF was chosen as a classification parameter because
this resulted in the most reliable and stable classification results [69]. When looking at the
absorption spectrum of water and fat in the Near Infra-Red (NIR) spectral range, depicted
in Figure 1.9, one can notice that the dominant absorber for wavelengths above 1300 nm is
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Figure 1.9: Absorption spectra of fat and water in the spectral range 1000-1724 nm

water. Because of least-squares fitting over the entire spectral range of the measured signal,
water will most likely be fitted accurately. When comparing the absolute absorption at 1200
nm, fat is dominant over water which increases the chance that fat will be fitted accurately
as well. One of the limitations of this algorithm is that the error of the estimated absolute
content value becomes bigger with decreasing fiber distance. Since this small fiber distance
fitting error is present in both water and fat estimation values, the FF parameter (Eq. 1.2)
resulted in a more stable differentiation parameter than the absolute fat and water content
estimation values.

Due to the short acquisition time of DRS-based guiding, it has potential for real time tis-
sue distinction. Tissue distinction is a very relevant functionality for the application of PSF
because the boundary between cancellous and cortical bone must be identified accurately in
real time during hole drilling. Therefore, DRS in combination with a fitting and classification
algorithm could be used in a PSF guiding system.

Next to this, electrical conductivity could also be used to provide local guiding. The setup
of an EIS system is simple and cost-effective, the tissue distinction accuracy is high and the
machine can be small. A drawback could be that the measurement is superficial and the probe
has to be in contact with the sample [66]. An example of the integration of EIS in surgical
devices for PSF is the dynamic surgical guidance (DSG) technology developed by Allaoui et
al. [43]. A probe was developed that measures the conductivity of tissue at the tip of a probe.
The conductivity spectra are translated into audio and light signals that are presented to the
surgeon. Tissues can be recognized by the frequency and pitch of audio signals and warning
lights. The accuracy of the screw placement increased from 92.2% for the free-hand approach
to 95.4% for the DSG approach. Furthermore, the device helped to decrease the number of
severe lateral breaches, reducing complication rates [43]. This technique was commercialized
as the PediGuard device (SpineGuard, Vincennes, France).

Lastly, a technique has been developed by Hu et al. [55] that combines the high stability
and accuracy of robotic surgery with operating force feedback by incorporating a 6 degrees-
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of-freedom force/torque sensor into a pedicle drilling device. This enhanced drilling device
is able to recognize different materials that it encounters during vertebra hole drilling by
measuring the force on the drill bit. Initially, a high force is required to drill through the
outer layer of cortical bone of the pedicle. After breakthrough, the force decreases because
the drill is in the porous cancellous bone. The transition zone from cancellous to cortical
bone can again be recognized by an increase in force such that the drill rotation speed and
feed settings can be decreased in time.

1.4.2 Enhanced screw placement

Even if the pedicle screw placement procedure was carried out correctly, sometimes, the
procedure is not successful because the screw fixation strength was not sufficient [46]. Next to
that, if the pedicle screw placement procedure was successful and no cortical breach occurred,
in some cases, post-operative pedicle screw loosening takes place [41]. Most often, the reason
for intraoperative or postoperative screw loosening is associated with poor bone quality due
to osteoporosis [41,46].

There are a few solutions that can already be applied when insufficient screw fixation strength
is suspected. Fist of all, the depth of screw insertion affects fixation strength. In normal,
strong bones, the recommended insertion depth of a pedicle screw is approximately 50-80%
of the vertebral body [37,45]. Increasing the insertion depth till anterior cortex breach occurs
may increase fixation strength with 16-25%, but it also increases the risk of neurovascular
injury. On top of that, it was found that cyclic loading of pedicle screws that are fixated
in pedicles as well as the anterior cortex induced increased risk of pedicle fracture or screw
bending [71]. For this reason, anterior cortical breach is only aimed for in patients with poor
bone quality [37,45,71].

Another way of increasing pullout strength of pedicle screws is with the insertion of ce-
ment into the cancellous bone. The most frequently used cement is Polymethylmethacrylate
(PMMA) [45] [71]. The usage of PMMA was found to increase pullout strength with up to
257% [71]. PMMA is inserted in the screw hole as a cement and hardens out after the screw
is inserted. Because curing of the cement is an exothermic reaction, the cement can heat up
to 110 °C during hardening. Due to this, the risk of necrosis of bone tissue and surround-
ing neural tissue is severe. On top of that, there exists the risk of leakage of the PMMA
resin before hardening, possibly causing neural damage. Furthermore, it is believed that long
term exposure to PMMA can result in toxicity. Lastly, PMMA can not be removed from
the cancellous bone without causing severe and irreversible damage [71]. For all the reasons
mentioned above, PMMA augmentation for PSF is controversial and will only be applied if
the benefits outweigh the potential risks [71].

A novel high-potential method for enhancing PSF strength that does not induce increased
risks is curved trajectory drilling. Previously, it was found that the pedicle resists most of
the forces subjected to the screws because of the high fraction of cortical bone in the screw
trajectory spanning the pedicle, as opposed to the low fraction of cortical bone in the screw
trajectory spanning the vertebral body [4, 20, 22, 45, 51]. To increase fixation strength, the
screw could be placed along a different trajectory, containing a higher fraction of cortical
bone. Since the vertebral body consists of a porous cancellous core surrounded by a shell
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of dense cortical bone, it would be advantageous to fixate the pedicle screws in the shell of
the vertebral body. To accomplish this, the trajectory of the pedicle screws must be curved,
following the outer contour of the vertebral body. Research is currently being conducted on
how to drill such a curved screw hole, and on how to fixate flexible screws into the curved hole.

3D steering of medical device has been researched for several applications already. For exam-
ple, the Sigma catheter was developed by Ali et al. [72]. This catheter is developed for heart
surgeries and consist of two steerable segments, each having two degrees of freedom. The
tip diameter is 3 mm and the segments consist of steering elements. Steering per segment
is controlled independently by pulling four cables. The length of the cables is controlled by
manual movement of joysticks.

Furthermore, a steerable device consisting of four steerable segments and a total of eight de-
grees of freedom was developed by Sakes et al. [73] for the application of improving minimally
invasive surgery dexterity. Tip steering is based on a similar principle as the Sigma device.
Each segment is actuated by four cables. The device could in the future be used to safely
navigate through delicate environments and allow for tissue identification [73].

The Ovipositor steerable needle is based on a different working principle [74,75]. The needle
is inspired by the ovipositor of wasps and consists of seven wire valve elements. The needle
is self-propelling by pulling and pushing the valves separately, resulting in a net forward
propelling force. The total diameter of the tip is only 1.2 mm and the propelling mechanism
enables the tip to be very long and slender without buckling.

1.4.3 Guided steerable surgical drill

A research group of the TU Delft is currently developing a device that combines guided
drilling with curved drilling to improve pedicle screw fixation strength. This device consists
of a drill bit with integrated sensory system. An example of how the guided steerable drill
could look like is presented in Figure 1.10. The sensor system is based on DRS and provides
real time feedback on the drilling trajectory, based on measured spectra of the tissue at the
tip of the drill bit. Since cancellous bone has a microstructure composed of cavities filled
with bone marrow, the overall content of cancellous bone is significantly different from that
of cortical bone [14]. When approaching the cortical shell, the density of the cancellous bone
increases, the number of cavities decrease, and the total marrow fraction drops [14,22]. When
the cortical shell has been reached, the tissue consists nearly only out of solid bone [14]. By
making use of DRS at the drill tip, an estimate on the distance from the drill tip to the
cortical shell can be made. With this method, a drilling trajectory inside the vertebral body,
along the cortical shell can be maintained, to provide optimal screw fixation. On top of this,
a drilling system is being designed that is able to drill a curved path accurately. Next to the
curved path drill, a compatible flexible anchoring mechanism is being designed that will be
inserted into the curved hole to provide attachment points for the stabilizing rods and plates.

The guiding system operates based on the DRS sensing technique, discussed in detail previ-
ously [8, 28, 69, 76, 77]. The device consists of one emitting optical fiber and one collecting
optical fiber, each having a core diameter of 200 µm. The center-to-center distance of the two
optical fibers is 1.22 mm. The emission source is a tungsten halogen broadband light source
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Figure 1.10: Possible design of the guiding steerable surgical drill currently being developed by
the TU Delft [9]

which emits light in the Visible (VIS) and NIR spectrum (together 360-2500 nm). The col-
lecting system consists of two spectrometers which together operate in a predetermined range
which can be varied between 400 and 1600 nm. The acquisition time of each measurement
can be set to 50-500 ms.

The raw signal is post-processed with a smoothing algorithm, and an in-house developed
algorithm estimates various parameters from the collected signal such as the absorption and
scattering spectra. The fitting algorithm is based on prior knowledge of the absorption spec-
tra of the main components of the tissue, namely blood, oxygenated blood, water, and fat,
and additional desired components such as collagen. When a collected spectrum is inputted
into the algorithm, a non-linear least squares (Levenberg-Marquardt) optimization process
is being carried out that fits a linear combination of the standardized spectra of the tissue
components into the measured signal [8, 78]. Using this optimization method, the estimated
component fractions are given as output. The fitting model is based on the Farrell model
equations and adjusted to compensate for the fiber distance [67, 79]. This method of using
DRS for tissue identification is the most detailed one, deducing tissue component fractions
by use of prior obtained standardized component spectra [67].

The design of the mechanical part of the steerable surgical drill is still in an early phase. The
mechanical design is subdivided into two components, namely steered drilling and flexible
anchoring. Since there already exist techniques to drill curved tunnels for other applications,
the research focus is on the novel challenge of anchoring a flexible screw-like device in a curved
hole. A first prototype is not yet developed.

1.5 Problem statement and design objective

Since spinal surgery numbers are rising, the need for qualified spinal surgeons increases as well.
However, the previous section discussed why spinal surgeries, including PSF, are generally
difficult to carry out and require extensive training. Because of the high level of difficulty, a
large amount of complications still occur, causing patient discomfort, pain or even nerve injury.
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Next to the need for extensive surgical staff training, this creates high research momentum
for enhanced spinal surgery devices, such as the devices discussed above. All of these devices
must pass through a large series of medical tests during the development, production, and
testing phase, before they are approved to be used in the operating room on patients.

The time span of development, production and testing of medical devices depends on the
risk of the device. In case of a high risk procedure like PSF, it is likely that such a guided
steerable drill device described in the previous section, is categorized in the highest medical
device class (the highest risk to the patient). The time between concept and approval of such
a device can take up to seven years [80]. The newly developed device must first pass a number
of preclinical bench tests and animal tests, before it proceeds to clinical testing. The cycle of
preclinical tests typically takes 2 to 3 years and costs between 10 and 20 million US dollars [80].

In the case of a guided steerable drill, the guiding system as well as the steerable drill system
should be tested frequently and eventually simultaneously. To test the optical guiding sys-
tem and the drilling system separately, various optical phantoms, optical phantom recipes, or
structural bone phantoms are available. However, to accomplish simultaneous testing of the
guiding system and drilling system in the preclinical trials, currently the most reliable test
setup comprises of an animal vertebra. This brings about several disadvantages such as the
fact that animal vertebrae are anatomically not the same as human vertebrae and their com-
positions differ as well, inducing testing errors. Furthermore, testing on living animals brings
about a heap of ethical issues and considerations. On top of that, excised animal vertebrae
have a limited preservability and the accuracy of measurements decrease as the sample re-
sides longer out of the body of the animals. Lastly, the process of obtaining animal vertebrae
similar to human vertebrae is cumbersome and expensive, and testing on tissue samples is
not allowed on every testing site [81]. For all the reasons mentioned above, a more accurate,
less expensive, less cumbersome, and more preservable alternative to animal vertebrae testing
would be highly valuable for enhancing the development and approval process of PSF medical
devices.

Furthermore, the amount of training hours before a surgeon becomes qualified to perform
PSF is high, because the spinal region varies anatomically between patients, and PSF is a
complicated procedure. A closely simulating synthetic bone phantom would be the optimal
way of performing a high number of training sessions in an easy, effective and low-stress
environment, without having to use animal vertebrae [81, 82]. Lastly, phantoms are perfect
objects to compare devices or techniques on, because they provide an objective, standardized
reference for repeatable measurement results. Measurements on real vertebrae would be more
inconsistent and unreliable because two vertebrae will never have exactly the same character-
istics.

Therefore, the objective of this research is developing a bone phantom that simulates
a human vertebra and that can be used for optical guiding system testing as well
as structural steerable drill testing, which is competitive on the market, highly
stable over time and easy to produce and handle.
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1.6 Report outline

This report consists out of three parts. The first part discusses all the knowledge that is
required to understand the problem and to introduce the novel concept (Chapter 1). Further-
more, the first part contains an overview of the state of the art phantoms (Chapter 2), and
the problem analysis (Chapter 3), including the research goal, functional requirements, and
requirement quantification. The second part of the report builds upon the functional require-
ments by generating concept solutions and selecting the most promising concept (Chapter 4).
After that, preliminary tests are carried to validate the feasibility of the concept (Chapter 5).
This brings us to the third and last part of the report in which the concept is worked out into
a detailed design tool and an example design is validated (Chapter 6). Lastly, the highlighted
results, impact, limitations, and recommendations are discussed (Chapter 7).
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Chapter 2

State of the art

There are several phantoms or phantom recipes available that mimic different human tissue
types. To structure the state of the art phantoms and phantom research for the current
application, a division is made into available phantoms for mimicking the optical properties
of tissues (optical phantoms) and phantoms for mimicking the structural properties of bone
(structural bone phantoms). A description of these phantoms and studies will be given in
this chapter.

2.1 Optical phantoms

A wide variety of optical phantoms are available that mimic different human tissues. Gen-
erally, optical phantoms consist of a base material enhanced with scattering agents and ab-
sorption agents [82, 83]. In this manner, both scattering and absorption characteristics of
the phantom can be controlled separately and precisely. With early optical liquid phantoms
that consisted of milk, non-dairy cream, or blood suspensions, it was not possible to induce
inhomogeneous optical material characteristics. Because of this, solid optical phantoms were
developed that immobilized the absorption and scattering components. This section will dis-
cuss common solid base materials and additives.

2.1.1 Base materials

The base material of optical phantoms can be hard, flexible, or soft. Hard plastic base ma-
terials that are often used, are Polyurethane (PU), polyester, Polyvinyl Chloride (PVC), or
epoxy [82]. Phantoms with a PU base material have been reported to be superior in use
over polyester phantoms because of their compatibility with NIR absorbing and scattering
dyes [82,84]. The curing time of polyesters can be extremely long as well (up to one week) [84].
PU and PVC exist in a wide variety of stiffnesses and can range from very hard material to
flexible material. PU, polyester, PVC and epoxy phantoms are usually produced through
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casting, by mixing a resin and a hardener, degassing the mixture, pouring it into a mould,
and curing it. Another plastic that can be used as a base material is silicone, which has a
similar casting production process to PU, polyester and epoxy [82]. Silicone phantoms range
from a harder, flexible rubber-like texture to a soft gel-like texture. Silicone phantoms are
stable and have a refractive index similar to soft tissue [85]. Flexible and deformable silicone
phantoms can be advantageous over hard plastic phantoms when contact is required between
the probe and the tissue [85]. One type of silicone is polydimethylsiloxane (PDMS), which is
a rubber-like or liquid resin organic silicon-based polymer that is used in a very broad range
of applications such as the food industry and the medical industry.

Softer phantom base materials are gelatin, agar, and polyvinyl alcohol (PVA) [82,86]. Gelatin
and agar are natural base materials and the phantoms are produced by mixing the gelatin
or agar powder with heated water and letting it harden at reduced temperatures. Phantoms
based on gelatin and agar are the cheapest solid phantoms. The gelatin or agar raw material
price for a 10x10x10 cm phantom (based on a 6% gelatin or agar solution), is approximately
€1.50 [87].

PVA is a water-soluble synthetic polymer. A PVA phantom is produced by mixing PVA
powder with water at elevated temperatures. The stiffness of PVA phantoms can be altered
by going through freeze/thaw cycles. During these cycles, the phantom is frozen for 10-
12 hours and slowly defrosted again till room temperature, due to which the number of
cross links increase and the stiffness goes up. Because of the cycles, the intrinsic scattering
characteristics change. When this is undesired, dimethyl-sulfoxide (DMSO) can be added to
the phantom in order to keep it transparent [82,86]. Another way of increasing the amount of
cross links is adding sodium trimetaphosphate (STMP) to the PVA base material [86]. NaCl,
NaOH, or epichlorohydrin (ECH) can be added to a PVA suspension to improve internal
interaction between PVA chains. This results in a decrease in curing time and an increase in
homogeneity [86]. The price of PVA is higher than that of gelatin or agar. The raw material
price of a 10x10x10 cm PVA phantom (based on a 10% PVA solution) is approximately
€41,60 [88].

Because gelatin, agar and PVA phantoms are composed of water and have a low melting
temperature, they are unstable and suffer from dehydration over time, which alters the con-
centration of additives [82, 86, 89]. Multiple studies have mentioned a limited shelf life of
refrigerated optical hydrogel-based phantoms ranging from a few hours to a few days [90–92].
In order to increase the melting temperature of gelatin, formaldehyde can be added to gelatin
phantoms, thanks to which they can be used at room temperature [82,86].

2.1.2 Scattering additives

There exists a wide variety of scattering agents in a large range of wavelengths. First of all,
fat in the form of lipid microparticles can be used as a scattering additive in phantoms. The
advantage is that the scattering characteristics of lipid particles are assumed to be similar to
human tissue scattering characteristics because the bilipid membrane of cells and organelles
is thought to cause light scattering in tissue. The disadvantage is that fat is hydrophobic
which means that it does not dissolve well in an aqueous suspension [93]. For this reason,
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thorough mixing is required before usage, and homogeneity only lasts for hours when used
without gelling agent [82]. Fat can either be bought in the form of Intralipid (or nutralipid,
liposyn) [82,86], or extracted from animal tissue that is commercially available, which is more
time-consuming. The advantages of using Intralipid are that the content of this suspension
is highly consistent, it is clinically approved and widely available in every hospital, and the
optical properties are well-documented [94]. The disadvantage of Intralipid is that the max-
imum fat content of the suspension is 20%. Shokoufi and Golnaraghi [94] used Intralipid in
combination with India ink to mimic the optical characteristics of a breast tumor. Another
example of a fat-based scattering phantom is the phantom produced by Avtzi et al. [95]. A
stable optical mouse phantom was produced by mixing Intralipid and India ink in an epoxy
resin. The mixture was then poured into a mold to cure. The absorption and scattering
spectra were stable over a period of several months.

Commonly used synthetic scattering agents are titanium dioxide (TiO2), aluminum oxide
(Al2O3), or barium oxide (BaO) [82, 86]. These scattering agents are used in paint and
coatings. They are relatively inexpensive and widely available. However, TiO2 tends to pre-
cipitate during hardening of the gelling agent or when used in a liquid phantom if not stirred
well enough, causing material inhomogeneity. It was shown that TiO2 particles uniformly
disperse after 3 hours of steering [84].
In some phantoms, polystyrene microspheres are added as scattering agents. The scattering
is not induced by the chemical structure of the polystyrene, but by the microstructure of the
sphere. Because manufacturing of the spheres happens in a controlled matter, the optical
properties of polystyrene microspheres are highly consistent, but the cost is higher too [82].
Polysciences Incorporated sells 15 ml of 2.5% weight percentage aqueous solution of micro-
spheres for approximately €180. Polystyrene microspheres are highly stable and they can be
reused if desired [82]. Other microstructure-based scattering agents are quartz glass beads.
These glass beads induce scattering while preserving the optical clarity of the material [86].
Lastly, materials can be used that scatter light intrinsically. For example, Delrin is an acetin
plastic with high scattering characteristics and low absorption characteristics [96]. Because
of this, the optical characteristics are similar to human fat tissue. A study by Shokoufi and
Golnaraghi [94] used this Delrin material to mimic healthy breast fat tissue.

2.1.3 Absorption additives

There also exist a wide variety of absorption agents in a large range of wavelengths. First of
all, since the sensing system to be tested on the phantom differentiates cortical and cancellous
bone based on the fat fraction, fat can be used as an absorption additive. The advantage of
using fat is that the absorption characteristics are very similar to those of fat in human tissue.
This increases the chance that the optical measurements of a fat-based phantom are repre-
sentative for in vivo measurements. However, just like when using fat as a scattering agent,
the disadvantages are that it is not well soluble in water, which might cause inhomogeneity
over time when used without gelling agent. Furthermore, phantoms with a high fat content
have a limited shelf life because of deterioration due to bacterial growth1 [89].

1“Private communication PhD candidate M. Losch”
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If one seeks to replace the absorption characteristics of fat in of human tissue with similar
absorption agents, ink or molecular absorbing dyes can be used [82,86]. The most commonly
used ink is India ink, which is composed of a suspension of carbon particles and results in
a relatively flat absorption spectrum across NIR light range [82]. Furthermore, its solubility
in water is good [94]. A disadvantage of using India ink is that it also produces significant
scattering in the VIS light range [83]. A wide variety of ink types are available that have
wavelength-dependent absorption spectra (such as 900NP ink). Examples of studies that use
black India ink to simulate tissue absorption spectra are the studies conducted by Shokoufi
and Golnaraghi and Royston et al. [83, 94].

Black plastic colorant (BPC) can also be used as an absorption agent for in plastic-based
phantoms. This agent consists of a plasticizer, mixed with carbon black molecules. Many
studies have reported the use of fluorophores for tissue absorption simulation, and hydrophilic
molecules are used most often [82].

A study by Shokoufi and Golnaraghi [94] have used a protein assay reagent (PAR) combined
with bovine serum albumin (BSA) to mimic the specific absorption coefficient of oxygenated
hemoglobin (HbO2) at 750, 800, and 850 nm [94].

There are also off the shelf optical phantoms available. INO is a company specialized in man-
ufacturing solid, highly stable optical phantoms [97]. These phantoms are made out of PU
solid plastic, carbon black is added as an absorption agent, and TiO2 is added as a scattering
agent. The wavelength range of desired optical properties is 450-940 nm. Custom optical
phantoms can be manufactured with a absorption coefficient between 0.05-1 cm−1 and a re-
duced scattering coefficient between 5-25 cm−1 for one specific reference wavelength. The
maximum phantom dimensions are 11x11x11 cm. The price of such optical phantoms varies
depending on the size between US$1300 and US$2000. The optical stability and preservability
of the phantoms has been reported to be over 10 years.

2.2 Structural bone phantoms

2.2.1 Classic manufacturing

Several companies and research groups have developed bone phantoms mimicking bone mate-
rial characteristics for structural testing. One of the companies that manufactures structural
phantoms is Sawbones. They offer base materials mimicking cortical bone and base materials
mimicking cancellous bone, as well as a composite bone, combining cortical and cancellous
bone. The cortical bone material is made out of solid polyurethane foam or short fiber filled
epoxy (laminated in sheets on top of the desired cancellous bone). Various types of cancellous
bone are available: solid rigid foam, cellular rigid foam (mostly closed cell), and open cell rigid
foam (mostly open cell). The foam types mimicking cancellous bone are available in different
densities, ranging from 80 kg/m3 to 800 kg/m3, giving them different compression, tension,
and shear strengths. The (mostly) closed cell cancellous bone phantoms are made out of PU
foam which gives the blocks transverse isotropic characteristics. This means that the material
properties in-plane vary along different layers of the foam, but the material properties out
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Figure 2.1: Sawbones model block of cancellous bone made out of cellular PU foam with a
density of 160 kg/m3. The price of such a block is US$46 [10]

of plane are equal everywhere in the block. The open cell cancellous bone blocks that are
suitable for cement augmentation and dynamic loading are made out of urethane, epoxies and
structural fillers. The production process of these open cell phantoms increases the cost of
these material blocks. The price of the phantom blocks is dependent on the size and type of
foam. The PU foam block prices range between US$9 and US$65 and open cell block prices
range between US$50 and US$125. An example of a cancellous bone material block made out
of cellular PU foam with a density of 160 kg/m3 is depicted in Figure 2.1.

On top of providing bone phantom blocks, Sawbones also offers whole vertebrae or spine com-
posite bone phantoms. These phantoms have a short fiber filled epoxy outer layer mimicking
the cortical bone, and a solid foam polyurethane core with various densities mimicking the
cancellous bone. Sawbones have researched the average strength of real cortical and cancel-
lous bone to determine the most suitable material for composite bones. The material data
sheet that Sawbones provides, states that solid rigid PU foam with a density of 17 PCF (270
kg/m3) is the standard foam used for cancellous bone in composite models. This foam has
a compression strength and E-Modulus of 6.2 MPa and 155 MPa respectively, and a tension
strength and E-Modulus of 4.6 MPa and 205 MPa respectively. Furthermore, the standard
foam used for cancellous bone in phantoms mimicking osteoporosis, is the 10 PCF (160 kg/m3)
solid rigid PU foam. This foam has a compression strength and Modulus of 2.2 MPa and 58
MPa respectively, and a tension strength and Modulus of 2.1 MPa and 86 MPa respectively.
These single vertebra phantoms that mimic human vertebra mechanical characteristics have
an approximate price of US$136. One example of a study using Sawbones bone phantoms is
the study conducted by Sternheim et al. [98]. A pelvic tumor Sawbones phantom was used
made out of solid rigid PU closed cell foam. Another study by Tasinkevych et al. [99] used
a cellular rigid PU foam core with a short fiber filled epoxy to simulate the cancellous bone
and cortical shell respectively. This phantom was used for acoustic measurements.
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Figure 2.2: Generic bone model slice with a cortical outer layer of 3 mm and a cancellous core.
The diameter of the bone model is 40 mm. The price is approximately US$6. [11]

Another company offering similar structural bone phantoms is Synbone. This company pro-
vides base materials mimicking hard cortical bone, light cortical bone, cancellous bone, and
composite bone. The phantom material blocks are all made out of one type of PU foam (not
specified which type). Various densities of cancellous foam are available, with corresponding
compressive and flexural strengths. It is possible to order foam blocks consisting of two layers
with different densities. The price of the material blocks depends on the dimensions, the
density of the foam, and the number of layers and ranges between US$9 and US$25. It is
mentioned on the website that the phantoms are not as strong as real human bone because
of the complex composition of real bone, but closely simulate bone material composition.

Furthermore, they offer generic bone models or whole vertebra phantoms, made out of var-
ious materials. An example of a generic bone model slice can be seen in Figure 2.2. The
vertebra phantoms are made out of solid rigid foam or composite material. The composite
vertebra phantoms consist of a solid foam outer layer with an open cell foam core, which can
be soaked with acrylic. Such a vertebra phantom has a price of approximately US$37. A
more advanced vertebra phantom they offer is a phantom made out of ’LSS material with
cancellous bone density’. This material resembles human bone because it has a harder outer
shell and a porous core. The price of such a vertebra phantom depends on the dimensions of
the vertebra and ranges from US$39 to US$50.

2.2.2 Additive manufacturing

A totally different approach can be taken by manufacturing the structure of vertebrae by use
of additive manufacturing (3D printing). Although not many 3D printed phantoms have been
reported yet, the rise of interest in 3D printed medical parts, tools and replicas is high [12,81].
3D printing provides several great advantages over traditional manufacturing methods. First
of all, one can exactly control what the microstructure of the part will be. This decreases
variability between parts, resulting in even more standardized phantoms [12]. Furthermore,
3D printing offers the possibility for personalized bone phantoms. By adjusting the trabecu-
lar bone architecture in the 3D printing file, different bone types can be manufactured easily
such as osteoporotic vertebral bone, healthy vertebral bone, or femur bone [12, 81]. One can
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Figure 2.3: Micro-CT based 3D printed cancellous bone of a chimpanzee’s metacarpal head
(adapted from [12])

even take it a step further by printing an exact replica of a patient’s bone by converting a
micro-CT scan to a 3D printed part. Thanks to the micro-CT, even the smallest trabecular
structures can be imaged and 3D printed. This gives rise to personalized training for preven-
tative treatment [12].

One example of a study on personalized bone is the research conducted by Barak and
Black [12]. A micro-CT scan was made of the internal structure of a chimpanzee’s third
metacarpal head, which was reconstructed to a 3D volume. After segmentation and recon-
struction, the model was 3D printed using the Stereolithography (SLA) ProJet 1200 printer
and VisiJet FTX Green printing resin. A picture of the resulting phantom can be seen in Fig-
ure 2.3. Apart from the original micro-CT scanned bone, they also reconstructed an adjusted
model by thinning of the trabeculae in order to test what the effect was on the strength of
the material. The original model resulted in a bone volume fraction of approximately 40%
and the thinned model had a bone volume fraction of 32%.

A more simplified approach was taken by Burkhard, Furhnstahl and Farshad [81], as they
mimicked the cancellous bone as the generalized 3D structure of a gyroid inside a solid corti-
cal shell (all 3D printed). The cortical shell was made out of a 75-25% mixture of hard rigid
material (VisiJet CR-CL 200, 3D Systems, Rock Hill, SC, USA) and soft elastomeric material
(VisiJet CE-BK, 3D Systems, Rock Hill, SC, USA) respectively. The cancellous structure was
made out of 100% of the same hard rigid material. The structure was printed with an inkjet
printer. The shape of the 3D gyroid structure can be seen in Figure 2.4. Several models with
varying gyroid parameters and cortical thickness parameters were produced and tested for
haptic fidelity by four trained spinal surgeons on several spinal surgery steps. A summary
of the parameters can be found in Table 2.1. On top of that, a Sawbones vertebra model
made out of PU foam with distinct cortical and cancellous materials was tested as well. All
vertebra models were categorized by surgeons into: categories 1 & 2 (too soft), categories 3 &
4 (osteoporotic), categories 5 & 6 (normal), categories 7 & 8 (hard) and categories 9 & 10 (too
hard). The sawbones model and the gyroid model α were overall categorized as osteoporotic,
the 3D printed model β as too soft, the 3D printed models γ1 and γ2 as normal, and the 3D
printed model γ3 as hard.



32 State of the art

Figure 2.4: Gyroid 3D structure [13]

Table 2.1: Vertebra model cortical thickness and gyroid matrix parameters. GCT = general
cortical thickness, LPCT = lateral pedicle cortical thickness, MPCT = medial pedicle cortical
thickness, TT = trabecular thickness

Vertebra GCT (MM) LPCT (mm) MPCT (mm) TT (mm)
α 1.3 0.6 0.8 0.2
β 1.1 0.3 0.4 0.15
γ1 1.7 1.2 1.6 0.3
γ2 2.6 1.8 2.4 0.4
γ3 3.4 2.4 3.2 0.5

A different approach was taken by Bohl et al. [100], as they 3D printed the cortical shell
of vertebral models from solid material with a certain thickness, and filled the rest of the
models in with several infill patterns, infill percentages and printing orientations. The models
were printed with a Fused Deposition Modeling (FDM) printer in three different materials,
namely Acrylonitrile Butadiene Styrene (ABS), polyactic acid (PLA) and nylon. They tested
the models on screw insertional torque (IT), axial pullout (APO) force and model stiffness
(ST). When performing the tests, surgeons decided that, out of all three materials, the models
made out of ABS were most similar to human vertebral bone. When comparing test results
to historical data, the ABS models with an infill of 25% were most similar to cadaverous
vertebral bodies in IT and APO, but were 1.6 times higher in ST.

Up till now, no phantom was reported that mimics both the optical and structural material
characteristics of (vertebral) bone. As stated before, such a highly specific phantom that
is compatible with the DRS device and the fitting algorithm, and on top of that facilitates
similar drilling characteristics to real bone, is required for testing the novel guided steerable
drill device currently being developed for improved PSF.



Chapter 3

Problem analysis

3.1 Research goal

The goal of this research is designing, developing and validating a bone phantom that simu-
lates an average human vertebra in terms of mechanical, as well as optical material properties.
In this manner, the phantom can be used for steerable drill testing, while simultaneously em-
ploying the DRS guiding feedback system. The main reason for developing such a phantom
is the ever increasing amount of spinal surgeries and the thereby increasing demand for more
accurate and reliable spinal surgery devices. Overcoming the drawbacks of testing on me-
chanically and optically different vertebrae such as (excised) animal vertebra, would result in
more reliable test outcomes, as well as a less costly and more convenient test setup.

The design of a tissue phantom can be very elaborate, closely mimicking most real tissue
properties. Designing a phantom with such a high degree of similarity would be defined as a
high physical fidelity simulator. Developing a high physical fidelity simulator is usually very
time consuming and costly. Given the timeline of this project, the design requirements are
prioritized such that the design of the bone phantom does not reflect high physical fidelity,
but it only reflects the most important features for reaching the goal. In the current case,
the most important features would result in a similar drilling environment and similar fitting
component outcomes, comparable to in vivo human spinal surgery measurements.

3.2 Functional requirements

Before starting on concept generation of possible phantom designs, a list was made of all
functional requirements the phantom must meet. These functional requirements were estab-
lished by evaluating the steerable drilling process, the DRS measurement system, and the
tissue differentiation algorithm. Furthermore, a market analysis was performed, which was
discussed in Chapter 2. The functional requirements were subdivided into three categories:
general requirements, optical requirement, and structural requirements. The choice was made
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to evaluate the structural material characteristics by means of the drill characteristics and
the material stiffness and strength. The resulting functional requirements are listed below.

• General functional requirements

– Size
– Shape
– Cost
– Manufacturability
– Heat resistance

• Optical functional requirements

– Absorption spectrum
– Optical gradient
– Optical stability and preservability

• Structural functional requirements

– Material drill characteristics
– Material stiffness
– Material strength
– Microstructure
– Structural gradient

As explained in Section 1.1.2, bone characteristics can vary greatly between patients. Often,
especially cancellous bone is affected by osteoporosis resulting from disease or age. However,
the probability of need for spine stabilizing surgery increases with osteoporosis. For this
reason, spinal surgeries are frequently carried out on patients with decreased bone strength.
It would therefore be beneficial to have different types of phantoms with varying material
strengths to test devices on or to practise on. This design flexibility is not a functional
requirement of this project but will be kept in mind throughout the design phase. The goal
would then be to develop a phantom of which the cancellous microstructure can be adjusted to
specific needs. As a result, both healthy and osteoporotic bone phantoms can be manufactured
easily.

3.3 Requirement quantification

To check if the functional requirements are met, a method for validation has to be determined.
This is done by determining a target and a measurement setup. For every functional require-
ment mentioned above, the rationale, validation method, and target are given in Tables 3.1,
3.2, and 3.3. A substantiation of the targets is given in this section.
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3.3.1 General requirements

The phantom must be convenient to handle, clamp, and test, such that the outer dimensions
of the phantom must not be too big nor too small. For this reason, the design choice was
made to aim for a phantom with outer dimensions of approximately 100x100x100 mm.

Because the phantom will be used to test novel guided steerable drills on, the size and shape
of the phantom should be adjusted to that need. For perceptual fidelity reasons, it is not
required to exactly simulate the complex and organic shape of vertebrae, but only the spe-
cific features that are required for testing. Following this approach, the complexity of the
phantom design is kept at a low level, while still all desired tests can be carried out resulting
in reliable data. Because the novel device must drill along a trajectory following the outer
cortical shell of the vertebral body, the interface of the cancellous and cortical bone phantom
material must be curved with a radius simulating the vertebral body radius. The average
diameter of vertebral bodies in the ML and AP directions were stated in Chapter 1 and were
determined to vary between 26.3 mm and 43.6 mm (ML direction) and between 19.5 mm
and 33.1 mm (AP direction) [17, 18]. For this reason, the radius of the phantom in the ML
direction should be approximately 17.5 mm, and the radius in the anterior-posterior direction
should be approximately 13.2 mm.

The price of the bone phantom must be viable. Commercially available open cell cancellous
bone phantoms made out of urethane, epoxy and structural filler with an approximate outer
dimension of 100x100x100 mm are available for a price ranging from US$50 to US$125 [10,11].
Off the shelf stable optical phantoms made out of PU are available and range in price from
US$1300 to US$2000 [97]. Less stable, non-preservable hydrogel-based optical phantoms
with a 100x100x100 mm dimension can already be manufactured in-house for approximately
US$4.30. This means that one should balance between the price and the stability, preserv-
ability, and accuracy of the optical phantom. To conclude, the cost of the combined optical
and structural phantom must be (well) below US$2125 to be viable, which is €1878 when you
convert it to euros.

One of the research goals is to design a phantom or phantom recipe that is manufacturable
with basic lab instruments and machines. Manufacturability is a very broad concept that
is, among other things, dependent on available resources, machines, and knowledge, and be-
cause of this, no straightforward method exists to assess the manufacturability of a part.
Despite this, manufacturability is an important requirement for making design decisions con-
cerning the current application because the phantom should be produced and used easily
and repeatedly. For this reason, no target can be set for concept selection and validation of
manufacturability, but the concepts should be assessed subjectively.

The bone phantom must be able to resist increased temperatures due to drilling maneuvers.
Since bone necrosis happens when living bone is subjected to temperatures above 47°C for
longer than 1 minute or 55°C for longer than 30 seconds, the phantom must have a melting
temperature of least 47°C.
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Requirement Rationale Validation method Target
1.1 Size The phantom must be con-

venient to clamp onto a test
setup. The size of the phan-
tom can be expressed in
terms of outer dimensions.

The outer dimensions of
the phantom can be mea-
sured with a caliper.

100x100x100
mm

1.2 Shape The shape of the phantom
should be such that one is
able to obtain accurate re-
sults during testing of a
steerable drill device follow-
ing a curved cortical shell
trajectory. For this reason,
the shape of the phantom
should be curved in a simi-
lar manner as the outer shell
of human vertebrae. The ra-
dius of the curve is a good
measure for comparing the
phantom to real vertebra.

The radius of the curve can
be measured with a caliper.

17.5 mm

1.3 Cost The price of the phantom
must be viable. For this
reason, the manufacturabil-
ity cost should be approx-
imately the same or lower
than similar available prod-
ucts.

The manufacturing cost of
a phantom can be calcu-
lated by dividing the total
expenses through the to-
tal of manufactured phan-
toms. The total ex-
penses can be calculated
by adding the raw material
cost, machining cost, and
tooling cost.

< €1878

1.4
Manufactur-
ability

The phantom must be manu-
facturable in a basic lab em-
ployed with equipment such
as a mixing station and a
3D printer. No highly com-
plex or expensive equipment
should be necessary to man-
ufacture the phantom.

No effective scale exists to
measure the level of manu-
facturability. For this rea-
son, the manufacturability
of the possible designs will
be assessed subjectively.

-

1.5 Heat re-
sistance

The phantom must be able
to resist the heat generated
during drilling. A good mea-
sure for heat resistance is the
melting temperature of the
phantom.

To validate the heat resis-
tance of the phantom, it
can be heated up till the
desired temperature and
inspected visually.

47 °C

Table 3.1: General functional requirements of the bone phantom
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3.3.2 Optical requirements

As we know by now, diffuse reflectance signals can be used to distinguish tissue types. The raw
spectra can be compared relatively to distinguish between tissue types but the constructed
absorption and scattering spectra can be used too, as well as the fitted tissue content estima-
tion values (discussed in Section 1.4.3). Since the design objective is to develop a phantom
that is compatible with the guided steerable surgical drill currently being developed, for which
a DRS-based fitting algorithm was developed, the output parameters of this fitting algorithm
were used as a design target.

The phantom does not have to consist of exactly the same components as real bone, as long as
its characteristics mimic the most relevant optical properties, such that the tissue classification
algorithm is able to identify relevant tissue components correctly. In this case, although bone
types can be differentiated using many aspects of the spectrum such as deoxyhemoglobin
(Hb) and oxyhemoglobin (HbO2), a TU Delft research group has proven that differentiation
solely on the fat fraction (FF) could be enough [8, 14, 28, 70]. The measured FF (PDFF and
DRFF) in cancellous bone varies between 15-70% and as the cortical bone is approached, the
FF drops to 0% respectively, as depicted in Figure 3.1. The aim of the phantom design is
mimicking the fitting algorithm output values for cancellous bone tissue, cortical bone tissue,
and the pre-cortical transition zone (between the cancellous and cortical bone bone, 3 mm
from the cortical boundary).

Figure 3.1: Example of estimated FF data in cancellous and cortical bone, obtained from human
cadaverous vertebrae [14].

Because there exists a transition region between cortical bone and cancellous bone of ap-
proximately 3 mm thick which is called the pre-cortical zone, the optical properties of the
phantom in this region should have a gradient too. The optical gradient in the pre-cortical
zone is a very important bone characteristic because it is used as a warning sign when the
cortical bone is in close proximity to the probe tip. The gradient should be clearly visible in
the DRS measurements to avoid cortical breach. The gradient should be linear, increasing
from 0% FF in the outer layer (cortical shell) to 50% FF after 3 mm (cancellous bone).

One of the design pillars of this project is delivering a phantom that has excellent optical
stability and preservability. This means that the optical (and structural) properties of the



38 Problem analysis

phantom do not change over time, such that the phantom can be stored before usage. Most
readily available optical phantoms are made out of hydrogels and have limited preservability
because of evaporation and deterioration (discussed in Chapter 2). They generally have a
shelf life ranging from hours to days. Fully inorganic phantoms like those from INO [97] have
a shelf life of over 10 years. To find a good compromise between phantom complexity and
shelf life, the choice was made to opt for a shelf life of at least 8 weeks.
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Requirement Rationale Validation method Target
2.1
Absorption
characteris-
tics cortical
bone

The cortical bone
part of the phantom
must mimic the ab-
sorption characteris-
tics of cortical bone
tissue in order to
identify the tissue
type correctly and
guide the drill.

The chosen measures to evalu-
ate the optical characteristics of
the phantom are the fitting al-
gorithm output parameters, in
specific the estimated FF. The
FF can be obtained by measur-
ing the DRS signal and applying
the fitting algorithm to the raw
spectra.

0% FF

2.2
Absorption
charac-
teristics
cancellous
bone

The cancellous bone
part of the phantom
must mimic the
absorption charac-
teristics of cancellous
bone tissue in order
to identify the tissue
type correctly and
guide the drill.

The chosen measures to evalu-
ate the optical characteristics of
the phantom are the fitting al-
gorithm output parameters, in
specific the FF. The FF can be
obtained by measuring the DRS
signal and applying the fitting
algorithm to the raw spectra.

50% FF

2.3
Optical
gradient

The phantom must
have an optical gra-
dient incorporated in
the pre-cortical zone.
In this manner, the
guiding system can
provide a warning
when the drill ap-
proaches the cortical
shell.

A measure for the gradient
is the gradual change in re-
flectance spectrum as a function
of depth of insertion.

Series of rela-
tive reflectance
spectra (R(λ))
measured in
the pre-cortical
zone, gradu-
ally changing
shape from the
cancellous bone
towards cortical
bone phantom
reflectance.

2.4
Optical
stability
and
preserv-
ability

The phantom must
be reasonable stable
such that it can be
preserved for several
weeks before usage
which makes test-
ing more convenient.
Results will be more
reliable if the op-
tical characteristics
do not change over
time.

The optical stability of a phan-
tom can be validated by in-
specting the phantoms visually
and comparing the reflectance
spectra at several time inter-
vals.

8 weeks

Table 3.2: Optical functional requirements of the bone phantom
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3.3.3 Structural requirements

The hole that is required for enhanced screw fixation with a guided steerable drill will be lo-
cated along the boundary of cortical and cancellous bone. Ideally, the material characteristics
of cancellous, as well as cortical bone would be mimicked. The most important application
of the guided steerable drill is to prevent cortical breach but still increase fixation strength
compared to screw fixation in mainly cancellous vertebral bone. For this reason, the choice
was made to prioritize mimicking the material characteristics of cancellous bone over those
of cortical bone, thereby maintaining a low level of design and production complexity.
The focus of the phantom design will be on developing a phantom with normal (healthy)
bone characteristics, but considering additional benefit of developing an osteoporotic bone
phantom, it is useful to include bone material characteristics of osteoporotic bone in the
structural requirement targets as well. Cortical bone is not affected as much by osteoporosis
as cancellous bone is. For this reason, the structural targets of osteoporotic cancellous bone
concerning the drill force, E-Modulus, strength, microstructure, and structural gradient are
stated between brackets after the healthy cancellous bone targets. The cortical bone target
is the same for healthy and osteoporotic bone.

Since the main structural bone manipulation procedure in PSF is hole drilling, the structural
requirement that is most important is the drill force (Requirement 3.1). As mentioned in
Section 1.3, various studies have measured the axial force on a drill operating at a predefined
rotation speed, feed rate, and drill diameter. The best validation method would be to compare
the axial drill force in the phantom to the axial drill force in a human vertebral bone. However,
such data on human vertebrae was not found during the literature search. Data that was
available, was obtained on animal vertebrae with a setup consisting of high predefined rotation
speed drills (>3300 rpm). The setup that is available for the current research has a rotation
speed limit of 1800 rpm and since the axial force is strongly affected by the rotation speed
of the drill, this data can not be used to validate the phantom design. Lastly, a previous
research in the this research group by Kan [34] measured the axial drill force on a Sawbones
cancellous bone phantom made out of rigid cellular PU foam combined with a short fiber
filled epoxy cortical layer, with a low rotation speed of 500 rpm. Since this rotation speed is
under the speed limit, the data can be used to compare the current phantom design to. With
a 2.7 mm diameter drill bit, a rotation speed of 500 rpm and a feed rate of 1 mm/s, the force
in the Sawbones cancellous bone phantom fluctuated between 0.0-10.0 N with a mean around
6.0 N. Therefore, the target drill force of healthy cancellous bone will be between 0.0-10.0 N
with a mean around 6 N.
Ong and Bouazza-Marouf [101] have investigated the correlation between Bone Mineral Den-
sity (BMD) and drill force in cancellous bone. They concluded that there is a strong relation
between the BMD and the drill force in cancellous bone with a constant rotation speed and
feed rate. Furthermore, the correlation between BMD (ash density) and apparent density has
been reported previously to be 0.598 by Schileo et al. [33]. Taking this into account, drill force
can be correlated to BVF. As mentioned before, the variability of bone strength is very large
due to multiple patient-specific factors. However, for simplicity reasons, it is assumed that
the BVF of healthy cancellous bone is approximately 25% (which gives it an apparent density
of 450 kg/m3 and a BMD of 269 kg/m3), and that of osteoporotic bone is 10% (which gives
it an apparent density of 180 kg/m3 and a BMD of 108 kg/m3). When looking at the results
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of Ong [56], it can be concluded that the axial drill force decreased from from approximately
10 N at a BMD of 215 kg/m3 to 2 N at a BMD of 108 kg/m3. This means that the axial drill
force decreased with a factor of 5. Therefore, the targets for osteoporotic cancellous bone
are estimated to be a factor of 5 lower as well, resulting in a cancellous drill force fluctuating
between 0.0-2.0 N, with a mean around 1.2 N. The microstructure of osteoporotic bone is
known to be more porous than the microstructure of healthy bone [31]. For this reason, the
microstructure and the gradient of osteoporotic bone phantom should be larger than those of
a healthy bone phantom.

According to Duperron et al. [54], the peak drill force in cortical bone (Fp) increases with a
factor of 5 compared to cancellous bone. Since the aim is to maintain a low level of design
and production complexity, the phantom will not be optimized for cortical material charac-
teristics, but the choice was made to set the drill force target in cortical bone to at least 3
times that of cancellous bone, which results in a peak drill force of at least 30.0 N for healthy
bone (Fph). Because cortical bone is not significantly affected by osteoporosis, the cortical
peak force value of osteoporotic bone is equal to the value of healthy bone (Fpo).

For cancellous bone, measured stiffness and strength values have an extremely large variabil-
ity between studies. This is most probably due to the large inter-patient variance and the
difference in employed methods. When looking at the three most relevant studies, conducted
on human vertebral bone, Mosekilde et al. [31], Nicholson et al. [29], and Moran and Keav-
eny [32] have measured the E-Modulus of cancellous bone. Mosekilde et al. [31] reported an
E-Modulus between 40-70 MPa for human vertebral cancellous bone of healthy individuals
around the age of 20 in the ML/AP direction, with a BVF varying between 16.3 and 20.4%.
However, Nicholson reported a similar average E-Modulus of human vertebral cancellous bone
in the ML/AP direction of 47.3 MPa, with a very low average sample BVF of 7.6% (which
can be categorized as osteoporotic). When comparing the values obtained by Mosekilde to
the remaining reported E-Modulus values in Table 1.1 (the ML/AP direction as well as SI
direction), it was concluded that the values reported by Mosekilde were significantly lower
compared to the majority of the values, when taking into account the corresponding BVF of
the samples. For this reason, only the studies by Morgan and Keaveny [32] and Nicholson et
al. [29], were taken as a reference, and the study by Mosekilde et al. [31] was excluded.

Because of the low average BVF of the samples of the study by Nicholson, it was assumed that
the resulted E-Modulus of this study was representable for osteoporotic bone. The average
of the values in the ML and AP direction was used, which results in desired osteoporotic
cancellous E-Modulus of 47.3 MPa. Because the values obtained by Mosekilde were excluded
from the references unfortunately, no reliable data was found on the E-Modulus of healthy
cancellous bone in the ML/AP direction. However, the measured value of the E-Modulus in
the SI direction is a factor of 2.1 higher in the study conducted by Morgan and Keaveny (with
a slightly higher BVF of 10%, thus more representable for healthy bone) compared to that of
Nicholson. For this reason, the assumption was made that the E-Modulus of the cancellous
bone in the ML/AP direction for healthy bone is also a factor of 2.1 higher than that of
osteoporotic bone in the ML/AP direction, which results in an approximate E-Modulus of
99.3 MPa for healthy cancellous bone phantom material.

There was no data provided for the yield strength of the samples in the ML/AP direction of
the study by Morgan and Keaveny. However, because it was already shown that the strength
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of vertebral cancellous bone is much higher in the SI direction than in the ML or AP direction,
it can be assumed that the desired material strength of cancellous bone in a healthy bone
phantom is smaller than the value measured by Morgan and Keaveny in the SI direction,
which is 2.0 MPa [32]. There was no data provided by Nicholson et al. on the yield strength
of osteoporotic bone samples either. For this reason the yield strength of osteoporotic bone
phantom material is assumed to be less than 2.0 MPa as well, and lower than the yield
strength of healthy cancellous bone.

Since the vertical trabeculae are approximately 0.2 mm in width and the BVF of cancellous
bone varies between 8% and 50%, the trabecular spacing should range between 0.4 and 2.5
mm. Mimicking the exact trabecular spacing is less important than mimicking the material
drill characteristics, stiffness and strength because a porous material will already be useful to
simulate bone drilling and anchoring. For this reason, the microstructure should be within
the stated range, but the definitive value will depend on the desired material stiffness and
strength characteristics.

There should be a structural gradient in the phantom because having a structural gradi-
ent automatically ensures an optical gradient. The structural gradient is dependent on the
production method and material type of the cancellous bone material and thus a target can-
not be specified in the early design stage. What can be specified is that the pores of the
microstructure should decrease in the pre-cortical zone from the cancellous bone phantom
towards the cortical bone phantom, resulting in solid phantom material at the cortical shell
of the phantom. Also, there should be a visual axial drill force, stiffness and strength increase
in the pre-cortical zone.
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Requirement Rationale Validation method Target
3.1
Drill force
cancellous
bone

The cancellous part of the phan-
tom must provide a similar
drilling environment as real can-
cellous bone because drilling is
the main action in PSF.

The axial force that
is exerted on a drill
which operates with
a predefined rotation
speed and feed rate
is a good measure for
comparing drilling en-
vironments. This force
can be measured with
force sensor.

0.0-10.0 N/
mean 6.0 N
(0.0-2.0 N/
mean 1.2 N)

3.2
Drill force
cortical
bone

The cortical part of the phantom
phantom must provide a similar
drilling environment as real cor-
tical.

The axial force that
is exerted on a drill
which operates with
a predefined rotation
speed and feed rate
is a good measure for
comparing drilling en-
vironments. This force
can be measured with
force sensor.

>30.0 N

3.3
Stiffness
cancellous
bone

The phantom must mimic the
material stiffness of the cancel-
lous core of the vertebra in the
ML and/or AP direction to in-
crease phantom handling similar-
ity.

A compression test can
be carried out and from
the stress-strain curve,
the E-modulus of the
cancellous bone material
can be approximated.

94.5 MPa
(47.3 MPa)

3.4
Strength
cancellous
bone

The phantom must mimic the
material strength of the cancel-
lous core of the vertebra in the
ML and/or AP direction to in-
crease phantom handling similar-
ity.

A compression test can
be carried out and from
the stress-strain curve,
the yield strength (σy)
of the cancellous bone
material can be approxi-
mated.

<2.0 MPa
(<2.0 MPa)

3.5
Micro-
structure
(MS)

The porous structure of the can-
cellous core of vertebra influ-
ence screw insertion and fixation
heavily. Therefore, the pores in
the phantom must have approxi-
mately the same pore size as can-
cellous bone.

The pore size can be
measured with a caliper.

0.4-2.5 mm
(> healthy
MS)

3.6
Structural
gradient

The phantom must have a struc-
tural gradient incorporated in
the pre-cortical zone. In this
manner, the pedicle screw can be
fixated near the strong cortical
shell in stead of in the less strong
cancellous bone.

The BVF distribution
can be validated by mea-
suring the density of dif-
ferent layers within the
phantom.

Linearly
increasing,
value t.b.d

Table 3.3: Structural functional requirements of the bone phantom
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Part II

Second part: Conceptual design





Chapter 4

Concept generation and selection

Based on the functional requirements stated in Chapter 3, a brainstorm was conducted.
Thanks to this brainstorm session, several new phantom concepts were generated. After that,
the concepts were evaluated, based on the functional requirements. After evaluation, the
most promising concept was selected.

4.1 Concept generation

In order to not overlook any promising options, a structured design approach was taken. This
approach consisted of organizing the concepts in a design tree. By walking down the branches
of the tree, different design options can be generated. The design tree is given in Figure 4.1.

In the tree, just as in the rest of the report, two separate regions of design can be identi-
fied: the structural phantom part and the optical phantom part (separated by the vertical
dotted line). At the top of the tree, a structural phantom design is chosen, after which
the optical phantom design follows. Since cancellous bone has a complex, organic structure
composed out of cavities, a logical option would be to mimic this microstructure. However,
this complex structure significantly limits the material and production method possibilities.
For these reasons, the structural design has three main design options of which two contain
a microstructure and one is a solid without mimicking the cancellous bone microstructure.
The tree design options are: a 3D printed microstructure, a PU foam microstructure, or no
microstructural matrix but a solid rigid block.

When looking at the microstructural options, the choice can be made between closed cell or
open cell microstructure. The open cell microstructure is porous and can therefore be aug-
mented with an optical filler. The cavities of the closed cell microstructure can not be filled
and for that reason, no optical phantom filler can be used to enhance the phantom. Because
of that, these option do not carry on to the optical filler design. If the choice is made to use
the open cell microstructure or no microstructural matrix, the design decision tree carries
on to the optical filler and the cavities or structural material can be enhanced with optical



48 Concept generation and selection

properties.

The optical filler is subdivided into three main categories: inorganic filler, organic filler, or
hybrid filler. The inorganic filler is made out of a polymer base material and added to that
base material are inorganic scattering and absorption agents. The polymer base materials
range in stiffness and are available in hard, flexible, and soft versions. The organic filler
is only made out of organic materials which are inherently soft or liquid, and the additives
that induce scattering and absorption are mainly based on lipids. The organic filler generally
suffers from dehydration and deterioration due to bacterial growth which can be solved by
sealing it properly. When considering organic filler, the choice can be made between an or-
ganic hydrogel thickening base which gives it a rigid gel-like structure, or no base (water/fat
liquid emulsion), which must always be prevented from leaking by a sealant. The hybrid filler
consists of a polymer base material that is enhanced with organic scattering and absorption
additives, based on lipids. Because the base material is made out of polymer chains, it can
be varied from hard to soft.

In principle, the design decision tree can be used to combine design choices in order to gen-
erate concepts. However, not all combinations are possible. For example, when considering
the mechanical property requirements of vertebral bone, one can conclude that if a structural
matrix is chosen, the cavities must not be filled up with a hard filler, but with a soft or
flexible filler to mimic bone marrow material properties. On the other hand, when no struc-
tural matrix is chosen, the filler must not be made out of soft or flexible material, but bone
structural properties should be mimicked by a hard filler. Following this deduction method,
four promising and feasible concepts are shown in the design decision tree by colored path-
ways, and described in the list below. This, however, is not the full spectrum of concepts,
since combining all structural options (3D printed matrix, PU matrix, and no matrix) with
all optical options (inorganic filler, organic filler without sealing, organic filler with sealing
and base, organic filler with sealing without base, and hybrid filler) would result in twelve
concepts (excluding soft phantoms without structural matrix).

• Red: The structural part of the phantom consists of a 3D printed structure with a
cortical shell and a cancellous cellular core with open cells. The cavities of the cancellous
core are filled up with an organic filler with a soft base material made out of gelatin.
To prevent dehydration and deterioration, the phantom is sealed. The scattering and
absorption spectra are mimicked by mixing the gelatin with a high fat content peanut
oil emulsion.

• Blue: The structural part of the phantom consists of a 3D printed structure with a
cortical shell and a cancellous cellular core with open cells. The cavities of the cancellous
core are filled with a soft hybrid polymer filler made out of silicone. For absorption and
scattering spectra, a high fat content peanut oil emulsion is mixed into the silicone.

• Green: The structural part of the phantom consists of a PU foam cancellous core with
open cell and a solid PU foam cortical shell. The cavities of the cancellous core are
filled up with an organic filler with a soft base material made out of gelatin. To prevent
dehydration and deterioration, the phantom is sealed. The scattering and absorption
spectra are mimicked by mixing the gelatin with a high fat content peanut oil emulsion.
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• Orange: The phantom does not have a microstructure but is a solid block, and the
mechanical properties of the phantom are not determined by the matrix, but by the
material properties of the optical filler. The filler is made out of the hard inorganic
epoxy base material. The scattering additives are yet to be determined and to obtain
a tissue mimicking absorption spectrum, a combination of dyes is used with absorption
peaks equal to the absorption peaks of water and mammalian fat.

Figure 4.1: Design tree

4.2 Concept selection

When looking at the feasibility of all the design options in the design decision tree, several
advantages and limitation can be identified per option. First, these advantages and limitations
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will be discussed. After that, all possible concepts will be graded by use of the Pugh’s
systematic multi-criteria decision making (MCDM) method [102].

4.2.1 Design options

To start with the 3D printed structure design option, the accuracy and reliability of 3D
printed parts depend on the type of printing technique and the type of printer. In this study,
two different printers were available, namely a Formlabs 3B (Formlabs, Somerville, USA)
SLA printer and an Ultimaker 3 (Ultimaker, Utrecht, The Netherlands) FDM printer. The
specifications of these printers will be considered throughout the concept generation and se-
lection process. Generally, 3D printing allows for an extremely flexible design. Using 3D
printing, the design of the phantom can be adjusted to the research it will be used for. For
example, the thickness of trabeculae, the trabecular spacing, the cortical thickness, and the
shape of the phantom can be tailored per print. This allows for easy fabrication and testing
of osteoporotic bone phantom, healthy bone phantom, strong bone phantom, small curvature
shell and large curvature shell. Furthermore, the fabrication process is fully controlled due
to which complex, organic shapes can be made, such as a porous cancellous core structure.
Another advantage is that 3D printing (both stereolithography (SLA) and fused deposition
modeling (FDM)) is a very resource-efficient process. In FDM there is no residue material
and in SLA the residue material can be reused for a next print. Unfortunately, all materials
compatible with the available printers have much a lower E-Modulus and strength than solid
bone material.

When considering a microstructural matrix made out of PU foam, it is difficult to find a
strong, open cell PU foam with documented material properties for in-house production.
Furthermore, the fabrication process of a PU foam can not be controlled precisely which
results in inter-phantom variety, differently sized cavities, and closed cells. Lastly, the E-
Modulus and strength of PU foam is generally much lower than that of bone.

Obviously, the main disadvantage of no structural matrix is that the microstructure of can-
cellous bone cannot be mimicked. This will inevitably induce discrepancies in test results
of drilling and anchoring tests between the phantom and the real human bone. However,
the fabrication of a solid, rigid block with similar overall material properties to human bone,
will be much easier than the fabrication of a porous structural matrix. Such a block can for
example be made with casting and machining.

The most straight forward method for mimicking the correct fat fraction is actually using
the desired ratio of water and fat in the phantom. The biggest advantage of using a fully
organic optical filler with water and fat to mimic the correct fat fraction is that it is commonly
used. The optical properties of enhanced hyrdogel organic phantoms are well documented,
and a wide variety of organic compounds have been tested in combination with organic base
materials [90]. For this reason, the design of such an organic optical filler is relatively straight
forward and the test results are predictable. Furthermore, hydrogels such as gelatin and agar
are, besides being a gelling agent, also inherent emulsifiers, which means that they allow water
to mix well with fat. For this reason, a homogeneous water-fat emulsion can be established.
The biggest disadvantage is that the hydrogel organic phantoms are subjected to dehydration
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(a) (b) (c)

Figure 4.2: The absorption spectra of different commercially available NIR dyes [15]

and oxidation and therefore, the shelf life is limited. Several reports have mentioned a limited
shelf life of refrigerated optical hydrogel-based phantoms ranging from a few hours to a few
days [90–92].

Another method is finding synthetic materials that have the same continuous optical prop-
erties as water and fat respectively, and combining them in desired ratios, which will result
in a fully inorganic optical filler with an absorption spectrum similar to bone tissue. The
biggest advantage of an inorganic optical filler is the unlimited shelf life and extremely high
stability. However, a major challenge is finding the optimal inorganic additives to mimic the
continuous spectra of fat and water over a large range of wavelengths. Very little papers were
found on the addition of inorganic NIR absorption agents in a phantom. The difference in
number between commercially available VIS absorption agents and NIR absorption agents
is large. Common inorganic dyes such as India ink provide a semi-flat absorption spectrum
over a large range of wavelengths. For this reason, such dyes can not be used to mimic the
highly wavelength-dependent absorption spectrum of fat and water over a range of wave-
lengths. This complication might be overcome by selecting a more narrow bandwidth for
tissue measurement and fitting, in which well documented NIR dyes are effective.

For example, Epolin [15] offers several NIR dyes with distinct absorption peaks. By combining
NIR dyes, the absorption spectrum of water and fat may be approximated. The absorption
spectra of three types of dyes is shown in Figure 4.2. They can be combined to mimic fat
and water absorption spectra. Figure 4.3a shows the shape of the absorption spectrum of a
combination of the three dyes, as well as the DRS measured absorption spectra of real water
and fat. It can be seen that for a wavelength range of 900-1100 nm, the shape of the real
fat/water and inorganic phantom spectra are similar. However, since the fitting algorithm is
designed for organic constituent identification based on exact organic standardized absorp-
tion spectra over the wavelength range 400-900 nm, 1000-1600 nm, or both, the translation
of spectra obtained from inorganic phantoms to organic tissues might result in large fitting
errors, due to slight differences in obtained spectra and an incomplete mimicking wavelength
range. Furthermore, because NIR dyes are not widely available and complex to fabricate, the
prices of these dyes is relatively high, ranging from US$64 to US$300 per gram. Although the
absorption of these dyes differs and the exact required amount per phantom must be tested,
the dyes are much more expensive than commonly used dyes such as India ink, which has an
approximate price of €10 per 100 g.

Although the stable material characteristics of a plastic, in combination with the optical
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(a) An approximation of the combined ab-
sorption of dyes E9637 and E4128, and dye
E2066

(b) The absorption spectrum of water and
lipid [76]

Figure 4.3: A comparison between the absorption spectra of synthetic dyes and the absorption
spectra of water and lipid

characteristics of a water/fat emulsion, which results in a hybrid optical filler seems like an
optimal solution for this design problem, recent tests within our research group and within
other research groups have not succeeded in mixing the two materials. A hybrid optical
filler could be difficult to accomplish because most plastics are hydrophobic or lipophobic
or both. For example, epoxies, PVC, PLA, ABS, silicone, polyester and PU are generally
hydrophobic. PVA on the other hand is hydrophilic. Contradictory, the paper by Avtzi et al.
showed great results when mixing Intralipid (water/fat emulsion) with an epoxy [95], although
the Intralipid content (1% of solid by volume) was significantly lower than the content aimed
for in the current research. Before a conclusion can be drawn on the feasibility of a hybrid
optical filler, the fabrication process must be tested.

4.2.2 Pugh’s MCDM

The multi-criteria decision making (MCDM) method developed by Pugh uses the criteria
defined in the functional requirements and their weight of importance to rank concepts. The
working principle of the Pugh’s matrix is shown in Figure 4.4. This figure shows the criteria
on the left side. Each criteria receives a weight from 1 to 10, depending on the importance
of the criteria (1 is least important, 10 is most important). All possible concepts are listed
at the top, which are in this case all options of the design decision tree. After the criteria,
weights, and concepts are defined, each concept is rated on a scale value of +2, +1, S, -1 or -2.
In order to assign scores to the concepts, a quantitative reference is determined that usually
refers to the neutral score S. Quantitative values are defined for every other score, based on
the deviation from the neutral.

For this project, all possible concepts derived from the design decision tree are numbered and
organized in Table 4.1. The concepts discussed previously and marked in the design decision
tree are shown in the table with their corresponding colors (concepts 3, 5, 8 and 11). The
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Figure 4.4: Pugh’s matrix for concept selection based on multiple criteria and their respective
weights

Structure

Filler

Inorganic
Organic
with base
without sealing

Organic
with sealing
with base

Organic with
sealing with-
out base

Hybrid

3D print 1 2 3 4 5
PU foam 6 7 8 9 10
No matrix 11 X X X 12

Table 4.1: Overview of the generated concepts and their numbering

numbers of the concepts correspond to their scores in the final Pugh’s matrix outcome (Table
4.3).The reference value of each criteria, as well as the threshold values for deviating from the
neutral score, are presented in Table 4.2.

Now that the criteria, weights, concepts, and thresholds have been determined, the full Pugh’s
matrix can be constructed. The complete matrix with resulting scores is shown in Table 4.3.
It should be noted that although there is no assessment target value for the manufacturability
of concepts, the concepts still scored differently due to subjective assessment. All concepts
with organic filler and an open structural matrix are assumed to be easier to produce than
concepts with a hybrid filler since the feasibility of the production and infusion of a hybrid
optical filler was never validated before. Furthermore, concepts with a structural matrix made
out of PU foam are assumed to be easier to produce than 3D printed matrices because of the
need for a reliable and accurate 3D printer.

As can be seen, concept 5 has the highest overall weighted score of 116. Furthermore, the
score of concepts 3 lies very close to the score of concept 5, namely 115. To conclude, the
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Criterion Reference +2 +1 S -1 -2
1.1 10x10x10 cm - - 10x10x10 10x10x10

+/-
5x5x5

-

1.2 17.5 mm - - 17.5 17.5 +/-
5.0

-

1.3 €100.0 50.0 75.0 100.0 150.0 >200.0
1.4 - - - - - -
1.5 55.0°C >150.0 100.0 55.0 45.0 <40.0
2.1 Deviation

from spec-
trum (corti-
cal)

0% +/-5% +/-10% +/-20% +/-30%

2.2 Deviation
from spec-
trum (can-
cellous)

+/-0% +/-5% +/-10% +/-20% +/-30%

2.3 Deviation
from spec-
trum (pre-
cortical)

+/-0% +/-5% +/-10% +/-20% +/-20%

2.4 8.0 weeks >52.0 16.0 8.0 4.0 <1.0
3.1 0.0-10.0 N

(mean 6.0 N)
0.0-10.0
(mean
6.0)

0.0-10.0
(mean
6.0)
+/-0.6

0.0-10.0
(mean
6.0)
+/-1.2

0.0-10.0
(mean
6.0)
+/-3.0

0.0-10.0
(mean
6.0)
+/-4.5

3.2 30 N 48 40-48 30-40 20-30 <20
3.3 94.5 MPa 94.5 94.5 +/-

9.5
94.5 +/-
18.9

94.5 +/-
47.3

94.5 +/-
70.9

3.4 <2.0 MPa - - <2.0 2.0-3.0 >3.0
3.5 0.4-2.5 mm 0.4-2.5 0.4-2.5

+/-0.5
0.4-2.5
+/-1.0

0.4-2.5
+/-1.5

0.4-2.5
+/-2.0

3.6 Perfect lin-
ear relation

Perfect
linear
relation

step
wise, 6
steps

step
wise, 3
steps

step
wise, 2
steps

no gradi-
ent

Table 4.2: Quantitative reference value and threshold values for performing Pugh’s ranking
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most feasible concept is concept 5, which consists of a 3D printed open cell microstructure
with a cortical shell. The cavities of the open cell microstructure are filled with an optical
filler consisting of a mixture of plastic, water, and fat. The second most feasible concept
has the same 3D printed microstructure but the filler is a fully organic filler consisting of a
mixture of water and fat, with hydrogel base, and with proper sealing.

Concepts→ 1 2 3 4 5 6 7 8 9 10 11 12
Criterion Weight ↓

1.1 2 s s s s s s s s s s s s
1.2 8 s s s s s -1 -1 -1 -1 -1 s s
1.3 5 -2 +1 +1 +1 +1 -2 +2 +2 +2 +2 -2 +2
1.4 9 s s s s -1 +1 +1 +1 +1 -1 +1 s
1.5 7 +1 s s s +2 +1 s s s +1 +1 +1
2.1 6 s s s s s -2 -2 -2 -2 -2 s s
2.2 10 -2 +2 +2 +2 +1 -2 +2 +2 +2 +1 -2 +1
2.3 10 +2 +2 +2 +2 +2 -1 -1 -1 -1 -1 -2 -2
2.4 8 +2 -2 s s +2 +2 -2 s s +1 +2 +1
3.1 10 +2 +2 +2 +1 +1 s -1 -1 -2 s +2 +2
3.2 4 -1 -1 -1 -1 -1 -2 -2 -2 -2 -2 +1 +1
3.3 5 +2 +2 +2 +2 +2 s s s s s -2 -2
3.4 5 +2 +2 +2 +2 +2 s s s s s -2 -2
3.5 8 +2 +2 +2 +2 +2 s s s s s -2 -2
3.6 9 +2 +2 +2 +2 +2 -1 -1 -1 -1 -1 -2 -2

Weighted score 83 99 115 105 116 -45 -34 -18 -28 -21 -48 -15

Table 4.3: Resulting scores per concept of the Pugh’s MCDM method

Although the scores of concepts 3 and 5 are very close, the choice was made to proceed with
the most innovative and promising concept, namely concept 5 which consists of a 3D printed
structural matrix and a hybrid optical filler. Since the hybrid optical filler concept has never
been investigated before, its production feasibility remains questionable. Furthermore, the
fitting algorithm was not designed for a hybrid tissue phantom which could lead to fitting
challenges. Several papers were written on 3D printing bone structures, but the exact produc-
tion and material characteristics have never been documented for the current manufacturing
facilities and application. Lastly, infusing the optical filler in the structural matrix could
induce production challenges. All these aspects of the novel concept will have to be tested
before proceeding to the detailed design and testing phase. The preliminary tests will be
discussed in more detail in the following chapter.
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Chapter 5

Preliminary testing

Just like the state of the art, problem analysis and conceptual design, the preliminary tests
are subdivided into two parts: optical tests and structural tests. Two optical tests have
been carried out, which are a hybrid optical filler feasibility test and a stability test. Next
to that, three structural tests have been carried out as well, to asses production methods,
material compression characteristics and material drill characteristics. The methods, test
setup, results, and conclusions of these five tests will be discussed in this chapter.

5.1 Optical tests

Based on the scores mentioned in Chapter 4, the choice was made to investigate a phantom
containing an optical filler made out of a mixture of silicone, water, and fat. The water and fat
are integrated in the optical filler because the design target is to mimic the FF of cancellous
bone. The silicone is added to this mixture to improve stability and preservability. Previously,
problems were encountered with mixing silicone with organic substances. For this reason, the
production and optical feasibility of various optical fillers was tested. The effect of the added
silicone on the stability and preservability of the optical filler was analyzed as well. This
was done using both the raw (normalized) spectra, as well as the fitting output parameters
that resulted from the custom made fitting algorithm. The effect of the added silicone to the
water/fat mixture was assessed by monitoring optical filler samples over a longer period of
time and comparing the raw spectra, as well as the fitting output parameters.

5.1.1 Hybrid optical filler feasibility

In order to evaluate if production of the hybrid optical filler is possible and if the DRS mea-
surement in combination with the fitting algorithm gives desired absorption characteristics,
various combinations of hybrid filler contents were manufactured and tested.

Since the FF is the ratio of fat content over water+fat content in a tissue, the absolute amount
of water and fat in the phantom should not influence the FF fitting estimation significantly, as
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long as the ratio is kept constant. In order to test this hypothesis, optical fillers with various
amounts of water+fat were produced and tested. Because silicone is hydrophobic, it would
be advantageous to have a low water+fat content in the optical filler, while maintaining the
correct FF fitting estimation. The investigated water+fat content of the optical filler samples
were 5%, 20% and 50%.

Because the FF reported for cancellous bone has a large variability (it ranges from 30 to
70%), different fat fractions were tested to investigate the effect of the fat fraction on the
measurement and fitting results. Three different FFs were manufactured, namely 30%, 40%
and 50% FF.

Because the optical filler in the bone phantom represents bone marrow in cancellous bone,
the aim is to mimic the material characteristics of the marrow as closely as possible as well.
This means that the optical filler should be a very soft, gel-like substance. To investigate the
influence of silicone on the optical filler manufacturability and material characteristics, three
different silicone types were used. Firstly, very soft and flexible silicone with shore hardness
A-5 (Siliconen Additie Kleurloos 5 voor maskers en flexibele mallen, Silicones and More) was
used. Next to that, a slightly harder silicone with a shore hardness of A-20 (Elastosil FX 20,
Silicones and More) was used. Lastly, a harder silicone with a shore hardness of A-40 and a
very short pot life of 2 minutes (Silconen Additie Transparant 40 Snel, Silicones and More)
was used as well. As a reference for production, stability, and preservability, three phantoms
(30%, 40% and 50% FF) without any silicone were manufactured and tested as well.

Method

Since optical filler samples with three different water+fat contents, three different FFs and
three different silicone types were manufactured, together with three pure water+fat samples,
the total number of optical filler samples was 30. The pure water/fat samples and the oily
emulsions with varying FFs as ingredient for the hybrid samples were manufactured according
to the production protocol of Bush et al. [93]. This protocol is designed for making limited
preservable pure water/fat phantoms with agar agar as gelling agent and emulsifier. Each of
the oily emulsions included demineralized water as the water base, peanut oil as the fat base,
agar agar as natural emulsifier and gelling agent (Agar agar gom powder E406, Natural Spices,
Mijndrecht, The Netherlands), Tween20/polyethylene glycol sorbitan monolaurate as water-
soluble surfactant (P1379, Sigma Aldrich, Amsterdam, The Netherlands), Span80/sorbitan
oleate as oil-soluble surfactant (S6760, Sigma Aldrich, Amsterdam, The Netherlands), and
sodium benzoate as preservative (Unique Products Schuurman, Nieuwegein, The Nether-
lands). The Gadolinium-DTPA surfactant was left out because the phantoms are not designed
for MR imaging. Although the molecular structure of peanut oil is slightly different than that
of human fat, the absorption peaks of several edible oils including peanut oil, and mammalian
fat absorption peaks match very well, as validated by several studies [76,86,93,103].

After the oily emulsions were produced, they were heated till liquid and mixed with the ap-
propriate amount of silicone with a blender. After that, the hybrid filler was poured into
a mold and left at room temperature for 2 days to fully harden out. After that, they were
stored with a plastic wrap in a fridge. The optical filler samples are coded according to the
following structure: firstly the silicone type is mentioned, S equals soft silicone, M equals
medium silicone, H equals hard silicone. On top of that, pure water/fat phantoms that do
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FF
WFC 5% 20% 50% 100%

30% S30-5, M30-5, H30-5 S30-20, M30-20, H30-20 S30-50, M30-50, H30-50 P30
40% S40-5, M40-5, H40-5 S40-20, M40-20, H40-20 S40-50, M40-50, H40-50 P40
50% S50-5, M50-5, H50-5 S50-20, M50-20, H50-20 S50-50, M50-50, H50-50 P50

Table 5.1: Summary of the code names of the samples of the preliminary optical tests. FF =
fat fraction, WFC = water+fat content.

not contain any silicone are coded with P. Secondly the FF is mentioned (30%, 40% or 50%),
and lastly, the water+fat content is mentioned (5%, 20%, 50%, or a blank for the pure wa-
ter/fat phantoms). A summary of the code names of all the samples is given in Table 5.1.

The DRS measurement setup consists of a probe containing one excitation fiber and one col-
lection fiber, each with a diameter of 200 µm. The fibers are placed inside the probe with a
center-to-center distance of 1.22 mm. The excitation fiber is connected to a tungsten halogen
broadband light source (Avantes, Apeldoorn, The Netherlands). The collecting fiber is con-
nected to two spectrometers, one measuring the VIS reflectance spectrum from 400-1600 nm
(Mayapro2000, Ocean Optics, Dunedin, USA) and one measuring the NIR reflectance spec-
trum from 1000-1600 nm (NIRQuest 512, Ocean Optics, Dunedin, USA). The data acquired
by the spectrometers is processed with the FlexPn measurement software program (Labview,
National Instruments, Austin, USA). Because of the dominant absorption characteristics of
fat in the NIR range (1000-1600 nm), only this spectral range will be analyzed and discussed
in the remainder of this report. The integration time for the NIR spectrum was set to 500
ms. The output of the DRS console is a .txt file that contains the reflectance intensity at a
corresponding wavelength for 255 distinct wavelengths in the range 839-1724 nm.

Before any measurements were taken, the DRS console was calibrated internally and probe
calibration was performed in a dark room using a white reflectance standard (Ocean Optics,
Dunedin, USA). After calibration and validation, the probe was inserted halfway through
into the hardened optical filler samples. In total, the DRS signal at three different locations
in the phantom was measured and for redundancy, ten measurements were recorded at each
measurement location. After obtaining the raw spectral data, the .txt files were pre-processed
by converting them to .mat files for further processing and visualization.

In case of using the raw spectral data for analysis, the ten measurements taken at one location
were averaged. Because the absolute intensity signal differs per location due to varying
measurement conditions, the averaged spectra were normalized with respect to 1200 nm.
Pre-processing, processing and visualization of the raw spectral data was accomplished by
in-house developed MATLAB scripts.

In case of using the fitting algorithm for analysis, each of the ten measurements per location
was inputted into the fitting algorithm. For the pure water/fat phantoms, the option for fitting
the additional silicone chromophore was turned off, and for phantoms that contained silicone
it was turned on. The algorithm returns an excel sheet that contains, among other things,
the estimated FF, the water+fat content, and the silicone content (all volume percentages).
On top of that, it returns an excel sheet containing the confidence interval for each estimated
value. The fitting algorithm does not always result in reliable estimation values, for example
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because the optimization ended up at a local minimum in stead of a global minimum due
to a sub-optimal starting value. In order to increase reliability, the fitted values with a
confidence interval above 15% were excluded from the results. The remaining fitted results
for each measurement and each location were organized per sample in a separate document,
after which they could be plotted easily. Unfortunately, due to transfer errors, the spectra of
sample S40-5 were not saved correctly due to which they are not shown in the results.

Results

During the production of the optical filler samples, already some valuable results were ob-
tained. It was concluded by inspection that all the samples with medium or hard silicone
and a water+fat content of 50%, no matter the fat fraction, did not result in homogeneous
mixtures. Mixing the desired amounts of silicone and oily emulsion with the blender for these
samples caused a lumpy composition in which the silicone and fat parts were clearly distin-
guishable. The mixture did not harden out well either. Figure 5.1 shows examples of well
mixed samples on the left and an inhomogeneous sample on the right. During production,
it was therefore decided that the last sample that was not yet manufactured with medium
or hard silicone and a water+fat content of 50%, which was M50-50, would not be produced
and tested anymore.

Figure 5.1: Hardened out optical filler samples of S50-50, S30-5 and M40-50

Inserting the DRS probe into the soft silicone samples with 50% water+fat content was rel-
atively easy, without inducing high forces on the probe tip. With decreasing the amount of
water+fat and thus increasing amount of silicone, the required insertion force on the probe
tip increased. All the samples manufactured with the medium silicone were harder and less
flexible than the samples produced with soft silicone. The samples produced with the hard
silicone were even harder and less flexible. The force required to insert the DRS probe into
the hard silicone samples, especially the hard silicone samples with a low water+fat content,
was too large to preclude probe damage. For this reason, two perpendicular cuts were made
in these phantoms in which the DRS probe was inserted.

The homogeneity of the samples can be assessed by comparing the obtained DRS signal at
different locations inside the sample. For this purpose, all the spectra were normalized with
respect to 1200 nm, which is approximately the wavelength at which the absorption of fat
peaks. Figure 5.2 shows three examples of such plots. The remainder of the plots can be
found in Appendix A. In Figure 5.2a and c, obtained from the S50-50 and S50-5 samples, the
three spectra are very similar. In Figure 5.2b, obtained from the S50-20 sample, two of the
three spectra are very similar, but the the third spectrum differs, especially at much lower
and much higher wavelengths than the normalization wavelength.
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(a) (b) (c)

Figure 5.2: Plots of the averaged and normalized spectra at three different locations inside a
phantom. a) spectra obtained from a hybrid optical filler sample with soft silicone, a FF of 50%,
and a water+fat content of 50%. b) spectra obtained from a hybrid optical filler sample with
soft silicone, a FF of 50%, and a water+fat content of 20%. c) spectra obtained from a hybrid
optical filler sample with soft silicone, a FF of 50%, and a water+fat content of 5%.

In order to understand the physical meaning of the obtained spectra better, the observed dips
and peaks in the example spectra of Figure 5.2 will be interpreted below. This is done by
use of the standardized absorption spectra of silicone, fat, and water, shown in Figure 5.3. It
should be noted that the absolute absorption per component in a phantom is not accurately
represented by Figure 5.3, because it depends on the total amount present in the phantom.
For example, the theoretical absorption spectrum of an optical filler sample consisting of 95%
silicone and 5% water+fat with a FF of 50% is depicted in Figure 5.4a and that of a sample
containing 50% silicone and 50% water+fat with a FF of 50% in Figure 5.4b. As can be seen,
the silicone absorption peaks are more prominently present when the sample has a higher
silicone content.
When looking at the general shape of the measured spectra, one can notice a first clear dip in
the reflectance intensity around 1200 nm. The exact location of the dip for all three samples
lies at 1187 nm, which is equal to the location of the absorption peak of silicone, as can be
seen in Figure 5.3. Especially in Figure 5.2a, the dip is not symmetric but an additional
decrease in reflectance intensity can be observed between 1203 and 1211 nm. The location of
this additional absorption is in close proximity to the location of the absorption peak of fat at
1211 nm. The clearest drop in reflectance intensity for all three samples occurs between 1400
nm and 1500 nm. As can be seen in Figure 5.3, an enormous absorption peak corresponding
to water coincides with this reflectance dip in the specified range.
When comparing the spectra of S50-50 and S50-5, the shape of the dip around 1400 is different.
For S50-50 a broader dip can be seen that is centered around 1446 nm and for S50-5 the
dominant dip, that is much more narrow, is shifted and centered around 1406 nm, followed
by multiple inferior dips at 1455 nm, 1520 nm, 1554 nm, and 1660 nm. When comparing
this to the standardized absorption spectra of silicone, fat, and water, the broad reflectance
dip of S50-50 is in close proximity to the broad water absorption peak at 1453 nm. Sample
S50-5 displays a reflectance dip that is closer to the more narrow absorption peak of silicone
at 1402 nm.
Lastly, the dip at 1697 nm is present for all three samples, although on average, the dip
becomes larger with increased silicone content. When looking at the standardized absorption
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spectrum of silicone in Figure 5.3c, there is a coinciding absorption peak present at 1696 nm.

(a) (b) (c)

Figure 5.3: Standardized absorption spectra of silicone, fat, and water a) in the wavelength range
1000-1600 nm b) in the wavelength range 1000-1300 nm c) in the wavelength range 1600-1800
nm

(a) (b)

Figure 5.4: Relative absorption magnitude per component and total absorption spectrum for
samples S50-50 and S50-5

Figure 5.5 shows three plots containing a measured DRS curve, the fitted curve, and the
estimated scattering curve. The measurement and fitted curves seem to match very well.
However, in Figure 5.5b, the fitted curve deviates from the measured curve at a wavelength
just over 1200 nm, which is not the case for Figure 5.5a or 5.5c.
Figures 5.6 and 5.7 show a summary of the fitted results of all the optical filler samples. In
these figures, the fitted FF, water+fat content, and silicone content are displayed. The plots
are organized based on the FF of the samples and within each plot, groups are organized
based on the water+fat content. It can be clearly seen that the fitted FF differs significantly
from the actual FF of the samples, and that the FF variability is high for a large number of
samples as well. For example, the fitted FF of the S30-5 sample varies between 0 and 60%,
and should be around 30%. With the exception of S30-5 and P50, the mean estimated FF of
each sample increases with increasing water+fat content in stead of staying constant.
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(a) Sample S50-50 (b) Sample S50-20 (c) Sample S50-5

Figure 5.5: Measured and fitted curves resulting from the fitting algorithm for a sample with
soft silicone, 50% FF and a water+fat content of a) 50% b) 20% and c) 5%

When looking at the fitted water+fat content of each silicone type separately, for all samples
with different FFs, the water+fat content shows a clear trend. With lower actual water+fat
content, the fitted water+fat content is also low. Samples with an actual water+fat content
of 5% display a fitted water+fat content mean of 8.5% (varying between 3.5% and 15.3%),
samples with an actual water+fat content of 20% display a mean fitted content of 21.0%
(varying between 10.1% and 35.2%), and samples with an actual water+fat content of 50%
display a mean fitted content of 45.9% (varying between 25.0% and 84.6%). The mean fitted
water+fat content lies relatively close to the actual water+fat content for all samples.

The fitted silicone content per silicone type also shows a trend. Samples with an actual silicone
content of 95% show a mean fitted silicone content of 164.6% (varying between 115.2% and
221.2%), samples with an actual silicone content of 80% result in a fitted silicone content of
75.3% (varying between 25.4% and 158.2%), and samples with an actual silicone content of
50% result in a mean fitted silicone content of 50.8% (varying between 19.6% and 95.0%).
The mean fitted silicone content of samples with an actual content of 95% deviates from the
expected value a lot. The fitted silicone content of samples with an actual content of 80%
and 50% lie very close to the expected values.
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(a) (b)

(c)

Figure 5.6: Summary of the fitted FF values resulting from the fitting algorithm. Each plot
shows the result per group of samples with the same FF. The samples in each plot are organized
based on their total water+fat content.
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(a) (b)

(c) (d)

(e) (f)

Figure 5.7: Summary of the fitted water+fat and silicone content value resulting from the fitting
algorithm. Each plot shows the result per group of samples with the same FF. The samples in
each plot are organized based on their total water+fat content.
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Discussion

When handling the optical filler samples, it was concluded that the soft silicone samples were
most similar to actual bone marrow in consistency. Furthermore soft silicone samples with
the highest amount of water+fat (50%) were softest and thus resembled bone marrow best.
Samples that contained a high amount of water+fat (50%) and either medium or hard silicone
did not mix well. The large variance in the fitted water+fat content of sample H50-50 could
be due to this inhomogeneity, although the same effect cannot be noticed for other samples
complying to these requirements.

When comparing different normalized spectra within one optical filler sample (Figure 5.2
and Appendix A), one can conclude that generally, the spectra have the same shape and
magnitude which could indicate homogeneity within the samples. However, some samples
still show variations in spectra at different locations in the samples. This could be either
due to inhomogeneity, or due to measurement errors. For example, the DRS measurement is
force-dependent. Because the measurement setup did not include a probe tip force control
system, the force that is present on the probe tip could have affected the measurement signal.

As more silicone is present in the S50-5 sample, the silicone absorption spectrum becomes
more dominant, peaking at 1402 nm, which is in close proximity to the dominant reflectance
dip of S50-5 at 1406 nm.

One can conclude from Figure 5.6 that the estimated FF from the fitting algorithm does not
correspond to the actual sample FF. This means that the FF of the fitting algorithm cannot
be used as a reliable parameter for distinguishing different parts of the bone phantom.

There could be multiple reasons why using the algorithm does not result in the desired FF
values. First of all, the algorithm was developed and tested for (soft) human tissues and
not for synthetic bone phantom [68,104], which could induce unknown factors. Furthermore,
the standardized silicone absorption spectrum is a general spectrum, not necessarily exactly
corresponding to the absorption spectrum of the silicone used for these specific phantoms.
Although it was shown before that the absorption spectrum of peanut oil closely resembles the
absorption spectrum of mammalian fat [76,86,93,103], the fact that animal fat is incorporated
in the algorithm while the samples consist of peanut oil, could induce fitting errors.

Another noticeable fact is the mismatch in fitted curve just over 1200 nm for samples with a
water+fat content of 20%. As explained in Chapter 1, the fitting algorithm relies on the fact
that the fat content is fitted correctly in human tissues because absorption of fat at 1211 nm
is dominant over the absorption of water at this wavelength. The absorption peak of silicone
is centered at 1187 which introduces an additional dip in the reflectance signal. Because of
the incorporated optimization method (Levenberg-Marquardt non-linear least squares opti-
mization), it could be that the added silicone in the samples introduces an error in the fat
curve fitting, especially for samples with a high silicone content. With higher silicone content,
the silicone dip at 1187 nm becomes more pronounced and the fat dip at 1211 nm becomes
less pronounced. Therefore, during fitting, the silicone dip mainly determines the curve shape
and match, and the effect of the fat dip is overshadowed. This would result in an incorrect
fat content and thus an incorrect FF as well.
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Apart from the closely estimated water+fat content, there exists a close relation between
the actual water+fat content and the fitted water+fat content for phantoms with varying
water+fat contents. Since the water+fat content in cortical bone is significantly lower than
the water+fat content in cancellous bone (23.5% vs 58.3%, as discussed in Chapter 1), the
water+fat content could be a good alternative to the FF parameter that was investigated
previously, while still being able to make use of the same DRS and fitting algorithm for
optical guiding.

Because the aim is to design a phantom that can be used for drilling with a DRS-based optical
guiding system to detect the boundary between cortical and cancellous bone, the cancellous
bone phantom that consists of a 3D printed structural matrix and an optical filler, should aim
for a water+fat content of approximately 58.3%. This means that the optical filler should
consist of an even higher water+fat content, of which the exact value is dependent on the BVF
of the cancellous bone structure. For example, it was investigated by Nouh et al. [26], that
yellow bone marrow consists of 95% water+fat. For optical filler samples containing water,
fat, and silicone, like the ones discussed above, such a high water+fat content is not feasible
because it will result in, amongst other things, mixing issues due to silicone hydrophobia,
lipophobia, and saturation. Since producing samples with a water+fat content and a silicone
content of 50% was still feasible, this option would result in the closes approximation of
water+fat content in bone marrow situated in cancellous bone, and thus in the most reliable
differentiation results.

There exists a positive relation between the actual silicone content and the fitted silicone
content too, as can be seen in Figure 5.7. However, the variability per sample is generally
larger and fitted silicone content for samples with an actual silicone content of 95% is greatly
overestimated.

5.1.2 Optical phantom stability

One of the functional requirements states that the phantom should maintain its physical
and optical characteristics for at least 8 weeks. Because standard optical phantoms degrade
over time and only maintain their intended composition for a period of a few hours to a few
days, the phantoms were enhanced with silicone. To test if the added silicone contributes
to the optical stability and preservability of the optical samples, the appearance and optical
properties of the samples were monitored over a period of 10 weeks.

Method

In week 0 the samples were produced and DRS signals were obtained as described previ-
ously. After that, the samples were stored with a plastic wrap in a fridge. In week 10 after
production, all the samples were removed from the fridge and inspected visually. On top
of that, DRS measurements were performed for promising samples, defined as samples that
were easy to produce, mixed well, had predictable optical properties, and seemed stable after
inspection in week 10. As discussed in the previous section, optical filler samples containing
soft silicone and a high water+fat were most promising, first of all because their consistency
was most similar to bone marrow, and secondly because the fitting output parameters most
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resembled cancellous bone (filled with bone marrow). For this reason, the DRS signals of
only six samples were measured, namely samples S30-30, S30-50, S40-20, S40-50, S50-20 and
S50-50.
The DRS measurements were performed in the same manner as the DRS measurements of
week 0. Both the raw spectra (at a normalization wavelength of 1200 nm) and the fitting
output parameters the samples were compared over time. Out of the fitting parameters, only
the fitted water+fat content of the samples was used to assess stability because this parameter
showed the most reliable fitting results and was therefore proposed as an alternative to the
previously investigated FF differentiation parameter.

Results

Firstly, all the samples that were initially produced, were inspected visually. Figure 5.8 shows
a selection of optical samples after 10 weeks storage in a fridge. The samples that are in the
left top and bottom of Figure 5.8a are full of mold and are surrounded by leaked oil. These
samples are pure water/fat samples without silicone enhancement. All the samples made out
of soft silicone do not show any signs of mold. Sample M40-50 in the bottom of Figure 5.8b
and sample H30-50 in the upper right corner of Figure 5.8c do show signs of mold.
In Figure 5.9, the averaged raw spectra at three different locations inside soft silicone optical
filler samples with 20% and 50% water+fat content at week 0 and at week 10 are displayed.
As can be seen in this figure, not all six spectra are exactly the same. However, there is no
consistent significant relation between the two different time intervals. Both time intervals
contain spectra that differ.
Figure 5.10 shows the fitted water+fat content of the same samples. As can be seen, for every
different FF, the fitted water+fat content of samples with an actual water+fat content of
20% is structurally lower than that of samples with a water+fat content of 50%. The fitted
values of week 0 differ from the fitted values of week 10, but there is no trend present. For
samples with a FF of 30%, the fitted value of week 10 is within the same range as the fitted
value of week 0 for 20% water+fat, and for 50% water+fat, it is slightly lower. For samples
with a FF of 40%, the fitted value with a water+fat content of 20% is slightly higher in week
10, and for a water+fat content of 50% it is in the same range with a larger variance. For
samples with a FF of 50% the fitted values of samples with a water+fat content of 20% are
in the same range, but the variance is larger in week 10, and the fitted values of samples with
a water+fat content of 50% are larger with a larger variance as well.

Discussion

Figure 5.8 showed very well that samples without silicone enhancement deteriorated a lot,
leading to oil leakage and mold growth. Comparing these samples with samples containing
(large) amounts of silicone, we see a big difference in preservability, as none of the samples
with 95% silicone or 80% silicone grew mold. This fact confirms the hypothesis that adding
silicone to a homogeneous mixture of water and fat improves optical phantom preservability.
Already during production of the test samples, it was concluded that samples with medium or
hard silicone and a water+fat content of 50% did not mix well and resulted in a lumpy sam-
ple texture. When looking at these samples after a period of 10 weeks, we see that multiple
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deteriorated and grew mold on them. This is yet another indication that the phantoms are
inhomogeneous and unsuitable for reliable, stable bone phantom production. None of the soft
silicone samples grew mold on them which is a very promising result because it indicates that
the silicone was mixed well with the water and fat, and that the silicone actually improves
the stability and preservability of optical phantoms.

Because the spectra obtained at the two time intervals did not structurally differ from each
other (Figure 5.9) and the fitted water+fat content values obtained in week 10 are not struc-
turally lower or higher than the values obtained in week 0 (Figure 5.10), it was concluded that
the difference between the spectra and the fitted values of the two groups was not caused by
sample age, but for example by small inhomogeneities, measurement errors, or fitting errors.
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(a)

(b)

(c)

Figure 5.8: Pictures of the appearance of a selection of optical filler samples after 10 weeks
storage in a fridge
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(a) (b)

(c) (d)

(e) (f)

Figure 5.9: Averaged raw spectra at three measurement locations in week 0 and week 10.
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Figure 5.10: Summary of the fitted water+fat content of all soft silicone samples with different
FF and either 20% or 50% actual water+fat content.



5.2 Structural tests 73

5.2 Structural tests

The design choice was made to 3D print a structural matrix to mimic the material properties
of cortical and cancellous solid bone. There are various methods for modelling the porous
cancellous structure of the matrix and 3D printing the obtained model. To investigate which
modelling and 3D printing method is most suitable for this application, first, various models
and 3D printers were tested in the 3D printing feasibility test. After a modelling method and
3D printer were chosen, the structural characteristics of various modelling parameters was
investigated by performing a material drill test and a material compression test.

5.2.1 3D printing feasibility

There are several modelling methods and 3D printing methods for manufacturing the struc-
tural matrix of a bone phantom. As discussed in Chapter 2, previous studies have 3D printed
a replica of a chimpanzee’s cancellous bone structure, of which the model was obtained from
a 3D micro-CT scan [12]. The 3D printer that was used, was an SLA printer. Another study
printed a generalized porous cancellous bone phantom of which the model consisted of a gy-
roid structure which was printed by an inkjet printer [81]. A different study investigated the
use of different printing materials, infill patterns, infill percentages and infill orientations on
an FDM printer [100].

Because the previously mentioned studies did not try to mimic the absolute material prop-
erties of human vertebral cancellous bone, but rather compared different model parameters,
the results of these studies cannot simply be adopted for this specific application. In order
to investigate what the most suitable approach is for 3D printing a cancellous bone matrix
with the structural properties reported in Chapter 3, different models, printers, and materials
were tested.

Method

First of all, the structural characteristics of cancellous bone are different for every individual,
due to differences in organic shape, BVF, BMD, age, loading direction etc. Because of this,
there exists no standard cancellous structure that represents all cancellous bone. Therefore,
the choice was made not to use a micro-CT scan of real cancellous bone for the structural
matrix model, but rather the symmetric, organic, mathematical 3D structure of a gyroid, as
investigated by Burkhard et al. [81]. The gyroid roughly fulfills the description of isotropic
plate-like trabeculae. One of the conclusions of their study was that a gyroid structure with a
unit cell of 0.9 mm and a trabecular thickness of 0.3 mm, printed with the VisiJet CR-CL 200
(3D Systems, Rock Hill, SC, USA) material on an inkjet printer best mimicked real healthy
human vertebral bone.

The model depicted in Figure 5.11 was made with the nTopology (New York, USA) mod-
elling software and printed on both available printers, the Formlabs SLA and the Ultimaker
FDM printer. This software was chosen because it includes a function that generates a thin
walled triply periodic minimal surface (TPMS) gyroid structure, of which parameters such
as the unit cell size and the wall thickness can be adjusted according to preferences with a
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high degree of flexibility. The outer shape of the model is based on the average dimensions
of the human vertebral body discussed in Chapters 1 and 3. The model ML diameter is 35
mm while the AP diameter is 26 mm. The model only represents half of a vertebral body in
order to expose the internal structure of the 3D print. The model has an outer solid cortical
layer of 1 mm thick and an inner core made out of a TPMS gyroid structure with a unit cell
dimension of 0.9 mm and a trabecular thickness of 0.3 mm. The dimensions of the gyroid
structure are based on the findings reported by Burkhard et al. [81]. The model also contains
a pre-cortical zone with a thickness of 3 mm in which the trabecular thickness of the gyroid
structure linearly increases from 0.3 mm to 0.9 mm (100% infill).

(a) (b)

Figure 5.11: Figure a) shows the CAD model that was printed on the Formlabs SLA printer and
Ultimaker FDM printer. Figure b) shows a zoomed in view of the gyroid structure of the model

Since, in the research by Burkhard et al. [81], gyroid structures with different trabecular
thicknesses were subjectively assessed by surgeons upon handling, no absolute material char-
acteristics were reported such as material stiffness or strength. To meet the requirements
generated in Chapter 3, these material properties should be tested and validated before the
same model can be adopted. Because the available printers are not compatible with the
VisiJet CR-CL material, other materials that have the same characteristics and that are
compatible with the Formlabs and Ultimaker printers should be selected.

The reported E-Modulus of the VisiJet CR-CL material varies between 1.4-2.1 GPa and the
ultimate tensile strength varies between 30-43 MPa. The two most commonly used materials
for FDM are (tough) PLA and ABS. When comparing ABS and PLA, ABS has a higher
E-Modulus of 1.6 GPa and a higher ultimate tensile stress of 33.9 MPa, which are both
within the values reported for the VisiJet CR-CL material. On top of that, ABS has a
higher glass transition temperature of 97°C compared to PLA (6̃0°C), which is favourable
for Requirement 1.5. For these reasons, the choice was made to use ABS material to print
the structural matrix on the Ultimaker printer. Research by Bohl et al. [100] confirmed that
ABS is a better material for bone mimicking than PLA. For the Formlabs SLA printer, the
material that was most similar to the VisiJet CR-CL material, was the uncured standard
resin that has an E-Modulus of 1.6 GPa and an ultimate tensile strength of 38 MPa.

On top of that, another research group at the Delft University of Technology recently used
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a novel FDM material that was especially designed for printing bone structures. This ma-
terial was developed by Smart Materials [105] and consists of PLA enhanced with minerals
(calcium). Because of the added minerals, the print would give better contrast on optical
images and would have increased strength and stiffness. Because not much is known about
the material and its printing, optical, and structural characteristics, this material was also
included in the preliminary testing phase.

The Formlabs print was printed by use of full ramp supports and a layer thickness of 0.05
mm. The Ultimaker print was printed with a 0.2 mm nozzle, a 0.1 mm layer thickness,
no supports and either standard ABS print material settings (for the ABS print, printing
temperature 225°C and build plate temperature 80°C) or PLA print material settings (for
the Smart Materials print, printing temperature 190°C and build plate temperature 80°C).

Results and conclusions

When meshing the model containing the gyroid structure depicted in Figure 5.11, the size
of the meshed file becomes enormous. The reason for this is the highly detailed internal
structure of the model. The size of the meshed file caused handling issues during loading into
the slicing softwares Preform and Cura. Because of the high detail, Cura was not able to read
the mesh file properly and to slice the model efficiently, due to which model fixing had to be
carried out in the Meshmixer (Autodesk Meshmixer, Autodesk. Inc., San Rafael, California,
USA) program before slicing.

Figure 5.12 shows two pictures of the printed parts of the model described above from the
Formlabs SLA printer and from the Ultimaker FDM printer. The SLA print is supported
by full ramp supports. The small pores in the model, in combination with the SLA printing
method, resulted in clogged pores. The resin that is naturally viscous, could not be removed
from the pores, even after extensive cleaning in an alcohol bath. The FDM print made out
of ABS came out really well, with high detail and open pores. The FDM print made out of
calcium enhanced PLA had a rough surface finish and a messy-looking gyroid structure. On
top of that, the weight of the part was 3.98 g in stead of the intended 2.66 g, which is an
indication that the printing process did not result in the designed model.

In general, SLA printers are able to print parts with more detail and a better surface finish.
However, because the working principle of SLA printing is based on curing liquid resin,
printing a detailed porous structure will cause problems with removing the residual resin
from the pores. For this reason, an FDM printer is better suitable for printing this bone
phantom part. Because the part made out of calcium enhanced PLA did not result in the
desired weight and surface finish but the ABS part did, the choice was made to use ABS as
the final structural matrix material.

Because the enormous mesh file of the model already containing the gyroid structure caused
loading and reading problems in Cura, an alternative modelling approach was opted for. Only
a solid block of the outer dimensions of the model was used as in input for Cura, and the
gyroid infill pattern was modelled inside Cura. Unfortunately, by taking this approach, some
gyroid model parameters could not be controlled anymore, such as the trabecular thickness
(gyroid wall thickness) and the linearly increasing gradient. As an alternative, the gyroid
infill density per model section could be controlled.
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(a) Formlabs SLA print made out of Form-
labs standard resin

(b) Ultimaker FDM print made out of ABS

Figure 5.12: Pictures of the prints of the model shown in Figure 5.11.

5.2.2 Structural drill characteristics

As can be seen in Table 3.3 the most important structural requirement is the drill force in the
cancellous bone. Various different structural matrices made out of ABS with different infill
densities were tested for their structural drill characteristics in order to determine which infill
density mimics healthy and osteoporotic human vertebral cancellous bone best.

Method

In total, three 3D printed designs were tested on their drill material characteristics. The three
designs were made out of ABS and had a Cura infill density setting of 40%, 50% and 65%.
Each test sample was a square block of 30x30 mm with a height of 20 mm, of which 17 mm
was cancellous bone and the bottom 3 mm was solid printed material. For now, no structural
gradient was incorporated into the structural matrix. The test samples were manufactured
with an Ultimaker 3 printer. A schematic drawing and a picture of the test setup can be seen
in Figure 5.13. Figure 5.13a shows the side view of the setup, with the rotation speed and
feed rate as inputs, and the axial force as an output. Figure 5.13b shows the front view of
the setup. For redundancy, three drilling cycles were measured of each sample, and the drill
penetrated

The linear stage that provides the feed rate is driven by a magnetic direct drive linear motor.
A custom mount is bolted on to the linear stage, that connects the drill to the stage. The
drill is driven by a NEMA 23 Makeblock 57BYG stepper motor. An Arduino UNO USB
board is used to control the rotation and acceleration of the drill. A 25 lbs Futek load cell is
used to measure the axial force on the drill bit. It is placed under the sample and the middle
of the load cell is aligned with the longitudinal axis of the drill. All details of the mount,
stepper motor, linear stage and load cell used in this drill test setup have been described
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(a) Schematic drawing of the drill test
setup. LC = load cell (adapted from [34])

(b) Picture of the drill test setup. The red
part is the load cell connected to the Lab-
view measurement hardware and the white
blocks are the test samples, of which one is
lined up for the drill test and three are in
stand-by.

Figure 5.13: The drill test setup

previously [34]. Two adjustments were made to the test setup. Firstly, the sample is only
resting on the load cell and is not placed on a hinge. In this manner the axial force on the
drill is directly measured. Secondly, no optical measurements were taken during drilling, such
that the specifications mentioning the DRS console can be discarded.

Results

Two examples of clear force measurement signals are presented in Figure 5.14. The results
of all the samples can be found in Appendix B. With signal post-processing, the time of
sample penetration is determined, which is the first time instance at which a force increase
is registered. The time at which the axial force on the drill is twice as high as the average
after insertion, is depicted in the graph as the second force increase (the solid line). The
third time instance that is shown in the graph, is the time at which the drill actually reaches
the cancellous-cortical boundary, which is deduced from the sample penetration time, the
thickness of the cancellous bone, and the feed rate of the drill.

From the figure, a clear difference can be seen between drilling environments. The first 17
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(a) (b)

Figure 5.14: Axial force on the drill as a function of time while drilling in an ABS sample with
a) 40% infill density and b) 65% infill density. The samples do not contain an optical filler. In
the figure, the mean force in the core of the phantom is indicated with a horizontal dotted line,
as well as the peak force in the cortical part of the phantom.

seconds after sample penetration the force signal fluctuates heavily and has a lower mean force.
Just before the cancellous-cortical boundary the force suddenly increases and experiences a
peak value. During retraction of the drill, a negative force minimum is registered. The average
axial force on the drill in the cancellous bone is lower than the force in the cortical bone layer.
Lastly, the time instance of the second force increase generally corresponds well with the time
instance of the actual cancellous-cortical boundary penetration.
In order to compare different infill densities, the mean force measured in the cancellous bone
layer, the force range in the cancellous bone layer, and the peak force measured in the cortical
bone layer of the tree subsequent measurements in the same test sample are summarized in
Table 5.2, together with the target values determined in Chapter 3 (Fph is the peak force in
cortical bone of healthy bone material and Fpo is the peak force in cortical bone of osteoporotic
bone material).

Discussion

The fluctuating force signal in the cancellous bone can be explained by the discontinuous
contact between the drill and the trabeculae, which is caused by the microstructural architec-
ture of the cancellous bone, and has been reported previously for cancellous bone phantom
and real human bone as well [34, 55]. Because the drill bit and the drill axes were slightly
misaligned, the test sample vibrated during insertion, which could also be an explanation for
the fluctuations in the cancellous bone part of the sample.
The average axial force on the drill in the cancellous bone is lower than the force in the cortical
bone layer, which was expected and has been reported before as well [34, 53–55,65,106,107].
The mean cancellous force, the cancellous force range, and the peak cortical force increase
with increasing infill density, which is also a logical result.
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Sample Mean cancellous force (N) Range cancellous force (N) Peak cortical force (N), Fp

ABS 40% 2.6± 0.4 0.0− 7.9 13.3± 0.4
ABS 50% 4.6± 0.1 0.0− 11.5 21.2± 3.2
ABS 65% 7.6± 0.3 0.0− 17.2 33.7± 2.6
Target 6.0 0.0− 10.0 >30.0 (=Fph)
healthy
Target 1.2 0.0− 2.0 Fpo<Fph

osteoporotic

Table 5.2: A summary of the mean force measured in the cancellous bone part, the force range
in the cancellous bone part, and the peak force in the cortical bone part of the phantom, for three
phantom designs with different infill densities. The standard deviation is mentioned behind the
corresponding values. The target values for healthy and osteoporotic bone that were determined
in Chapter 3 are mentioned as well.

When comparing the measured mean cancellous force of the samples to the requirements
generated in Chapter 3, we can conclude that the part with 50% infill with a mean force of
4.6 N comes closest to target value of 6 N for healthy bone. The cancellous bone drilling force
range of 0.0-11.5 N of the 50% infill part also comes closest to the target range of 0.0-10.0 N.
The target peak force in cortical bone is at least 30 N, which means that the ABS part with
65% infill is more suitable to meet this requirement. However, since the requirement for the
drill force in cancellous bone is considered more important than the drill force in the cortical
bone, the design choice was made to print the structural matrix of the bone phantom with a
Cura infill density of 50%.

When comparing the target for osteoporotic bone to the values measured for different infill
densities, we can conclude that the mean cancellous force of a phantom with 40% infill density,
which is 2.6 N, is still more than a factor 2 too high. The range in the cancellous force of this
phantom fluctuates between 0.0 and 7.9 N which means that it is almost a factor of 4 too high.
Because both the measured mean cancellous force and cancellous force range are significantly
higher than the target values, a lower infill density than 40% should be investigated to mimic
osteoporotic cancellous bone.

5.2.3 Structural compression characteristics

In order to reduce uncertainty about the structural characteristics of the phantom, not only
a drill test was carried out, but also a compression test. From the compression test, the
structural strength and stiffness of different phantom designs can be deduced. The same
structural matrices as mentioned above made out of ABS (40%, 50% and 65% infill density)
were tested in compression. The resulting approximate E-Modulus and yield strength of the
samples were compared to the strength and stiffness values of human vertebral cancellous
bone reported in literature.

Method

The test samples were cylinders with a diameter of 20 mm and a length of 30 mm. Each
sample type consisted of only a Cura gyroid infill structure without a solid bottom, top, or
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walls, with an infill density of 40%, 50% or 65%. Each sample type was produced and tested
five times, and the samples were produced in four different batches to avoid measurement
errors due to printing flaws.

The test samples were compressed with a Lloyds Instruments LR5K test bench with a max-
imum compression force of 5 kN. The samples were clamped between two circular fixtures
with a preload between 10 and 20 N. The strain rate was set to 0.001 s−1 and the maximum
deflection was set to 5 mm.

Results and conclusions

Figure 5.15 shows examples of stress-strain curves of five redundant samples of two print
designs. The stress-strain curves of all the samples can be found in Appendix C. The first
part of the graph that follows a linear line, represents the linear elastic part of the structural
deformation. The slope of the linear part of the graph is an approximation of the E-Modulus
of the sample, and is indicated with the dotted line. The yield strength of the samples
was calculated by use of the 0.2% offset method. In order to compare the print designs to
real human cancellous bone material, the E-Modulus and yield strength of each sample was
averaged over the five redundant measurements. The results are shown in Table 5.3.

(a) (b)

Figure 5.15: Stress-strain curve of an ABS sample with a) 40% infill density and b) 65% infill
density.

As can be seen in Figure 5.15, the stress-strain curves of the five redundant samples are really
similar. The slope of the linear-elastic part of the graphs have a big degree of similarity and
the maximum force is in the same order of magnitude. From Table 5.3 it can be noticed that
both the E-Modulus and the Yield strength increase with increasing sample infill density,
which is a very logical result. When comparing the obtained values with the targets set in
Chapter 3, all samples have a higher E-Modulus than the target E-Modulus of 94.5 MPa,
and a higher yield strength than the target yield strength of 2.0 MPa as well. For this
reason, the design with the lowest infill density of 40% (but preferably even lower) would
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be the best option for meeting the stiffness and strength requirements. However, from these
measurements one can conclude that the E-Modulus and yield strength requirements are
conflicting with the drill characteristic requirements. The choice was made to focus on the
highest ranked requirement, which is the cancellous bone drill force requirement. This means
that the healthy bone phantom will have an infill density of 50%. It was already concluded
in the previous section that the osteoporotic bone phantom should have a infill density below
40% and the results in Table 5.3 confirm this.

Sample E-Modulus (MPa) Yield strength (MPa)
ABS 40% 167.2± 0.1 5.1± 0.2
ABS 50% 237.4± 0.1 7.0± 0.3
ABS 65% 300.0± 0.2 9.0± 0.2

Target healthy 94.5 2.0
Target osteoporotic 47.3 <2.0

Table 5.3: Summary of the E-Modulus and Yield strength of three phantom designs with different
infill densities. The standard deviation is mentioned behind the corresponding values. The target
values for healthy and osteoporotic bone that ere determined in Chapter 3 are mentioned as well.
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Part III

Third part: Design validation





Chapter 6

Integrated phantom validation

Up till now, optical and structural parts of the phantom design have been tested and evaluated
separately. In order to validate that combining the optical filler and the structural matrix will
result in a phantom that meets the requirements set in the problem analysis, an integrated
test should be carried out. This chapter will discuss the manufacturability, optical absorption
characteristics, optical gradient, structural drill characteristics, and structural gradient. The
material stiffness and strength are not tested because it was shown previously that these re-
quirements are conflicting with the structural drill characteristics, which are more important
for the application of a pedicle screw fixation procedure.

6.1 Method

Ideally, one would want to perform a drill procedure in the bone phantom that mimics real
bone drilling as close as possible, while measuring both the DRS signal and axial force on the
drill simultaneously with a high frequency. This measurement setup requires custom equip-
ment and such a test has high degree of complexity if carried out correctly and accurately.
Unfortunately, such a measurement setup was not available because the DRS signal acquisi-
tion time was too long to do real time measurements. On top of that, no linear stage was
available that had a high enough accuracy for drill insertion every 0.5 mm. For the above
mentioned reasons, multiple duplicates of integrated test samples were produced that were
tested separately for their optical properties and structural properties. It was assumed that
the inter-sample differences were negligible.

6.1.1 Structural matrix

The integrated phantom test samples were simple square blocks with a width of 30 mm and
a height of 16 mm. The structural matrix of the phantom is made out of ABS, printed on an
Ultimaker 3 printer and consists of a gyroid core with an infill density of 50%. Towards the
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bottom of the model, there is a structural gradient present. Because the infill was modelled in
Cura, which does not contain a function for linearly changing the infill density, the structural
gradient was modelled with steps of 2 mm thickness. With increasing distance from the
bottom edge of the phantom, the infill density decreased from 100% at the first 3 mm, to 90%
at 3-5 mm from the edge, to 80% at 5-7 mm, to 70% at 7-9 mm, to 60% at 9-11 mm, and the
remainder of the phantom had a 50% infill. This means that the modelled pre-cortical zone is
8 mm thick in stead of the target thickness of 3 mm. A larger pre-cortical zone was modelled
to visualize the gradient better although in the future, a model with the target pre-cortical
zone thickness should be tested as well.

6.1.2 Optical filler

The initial idea was to fill the structural matrix described above with the chosen optical filler
from the preliminary optical tests of Section 5.1 with a water+fat content of 50% and a FF
of 40%, because this optical filler feasibility was already validated. However, some problems
were encountered during the infusion process. The infusion of samples with pure silicone as
a filler was successful but the infusion of samples with the hybrid filler was not successful
because the filler hardened out before it was able to infuse into the structural matrix pores.
One explanation for this could be the fact that the silicone fraction of the filler hardens out
at elevated temperatures but the oily emulsion fraction hardens out at low temperatures. By
mixing the hot oily emulsion (which was hot because of the minimum required melting tem-
perature of agar (8̃5°C)) with the cold silicone fraction, the curing process of both fractions
got accelerated and the filler did not get the chance to infuse into the structural matrix before
hardening. To solve this issue, alternative emulsifiers were investigated.

Because it was suspected that the optical filler did not infuse well into the matrix because of
the difference in curing properties of the silicone and the emulsifier, an emulsifier which is sol-
uble in cold water was used to substitute the agar agar emulsifier. The assumption was made
that, as long as the water fraction, FF, and silicone fraction stayed the same, and the hybrid
filler well mixed, the absorption, optical stability, and preservability characteristics of the filler
were not significantly different compared to the previously evaluated optical filler with agar
agar. An optical filler sample with a 1 wt% of Xanthan gum of the oily emulsion as emulsifier,
a water+fat content of 50%, a FF of 40%, and 50% soft silicone content mixed well, infused
well, and hardened out without lumps. In total, four samples with the structural matrix
and hybrid optical filler described above were manufactured for the integrated test, of which
two were tested for their optical properties and two were tested for their structural properties.

6.1.3 Integration

The filler that is added to the phantom for its optical properties was infused into the structural
matrix. Because the pores of the the structural matrix are small, the filler does not flow into
the matrix naturally, but must be forced in. This was done with a vacuum chamber. The
3D printed structural matrix was put in a mould and the liquid optical filler was poured
on top of the matrix. After that, the mould was left in a vacuum chamber for at least 40
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minutes to pull the air bubbles captured in the pores out and to force the liquid filler in. The
infusion process was assessed by measuring the weight of the part before and after infusion
and comparing it to the theoretical weight of a successfully infused part.

6.1.4 Test setup

It was shown before that phantoms with different water+fat contents display very distinct
spectra with characteristic dips at certain wavelengths. Furthermore, it was shown that the
fitting algorithm was able to approximate the water+fat content of the phantoms relatively
well, but more importantly, there was a correlation between the actual and fitted water+fat
content. If a DRS system would be integrated in the drill tip of a surgical drill, the spectral
shape as well as the fitted water+fat value could thus be used to estimate the location of the
drill tip inside the phantom. However, in order to use the fitted water+fat content parameter
for tissue identification, the fitting algorithm should be able to fit the standardized absorption
curve of the ABS structural matrix material as well. Currently, this is not the case because
the fitting algorithm is only designed for real tissues. For this reason, the water+fat content
inside the integrated phantom cannot be evaluated at this point. Despite this, the raw spectra
at various measurement depths can be evaluated, which will be done in this chapter.

The optical part of the integrated test setup consisted of the previously mentioned DRS
device, an assembly structure made out of profiles, the drill mentioned previously for the drill
test, and a microstage (XR25C, Thorlabs Inc., Newton, New Jersey, United States). First,
the DRS device was calibrated. The drill was inserted into the phantom, starting from the
top with a 50% infill density, and ending at the bottom with a 100% infill density. An initial
hole of 3 mm deep was drilled in the samples without taking any measurements to avoid
errors due to undesired external light. After that, the drill was retracted from the hole and
the optical probe was inserted to take the first DRS measurement. This routine was repeated
for every 0.5 mm till 14.5 mm depth was reached. Ten DRS measurements were taken at each
measurement depth and in total, spectra at 24 different locations were measured. The ten
measurements of each measurement location were averaged and normalized to a wavelength
of 1187 nm, which is equal to the location of one of the silicone absorption peaks. One hole
was drilled in each test sample. The test setup is depicted in Figure 6.1.

The test setup of the structural part of the integrated test was exactly the same as the
previously discussed test setup of the preliminary drill test. In total 5 holes were drilled in
the two test samples to obtain the drill characteristics of the integrated phantom.

6.2 Results

Figure 6.2 shows a plot of the raw spectra of subsequent DRS measurements in the integrated
test samples and one DRS measurement of the Xanthan gum pure hybrid optical filler, for
each of the two holes. The color of the graphs is assigned based on the measurement depth
of the signal, with the darkest graph being the first measurement at 3 mm depth and the
brightest graph being the last measurement at 14.5 mm depth.

Firstly, compared to the obtained reflectance signals of the pure optical filler samples discussed
in Chapter 5, we can conclude that the most dominant reflectance dips around 1200 nm,
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(a) (b) (c)

Figure 6.1: Pictures of the integrated test setup. In the left picture the entire test setup is
depicted with the DRS device on the left of the picture and the drill setup on the right of the
picture. The middle picture is a closeup of the DRS device. The right picture is a closeup of the
drill setup.

1400 nm and 1700 nm are present in both graphs. The spectra obtained in the integrated
test display an additional reflectance dip around 1120 nm. When comparing the measured
reflectance spectra with the standardized spectral shape of the absorption of water, fat, and
silicone, we see that around a wavelength of 1453 nm there is a large dip in the reflectance
spectra that coincides with the absorption peak of water. Furthermore, it can be clearly seen
that the dip just over 1200 nm is larger for spectra obtained at a large measurement depth.
It also seems like the dip just before 1700 nm is larger for measurements obtained at a large
measurement depth.

At various wavelengths in Figures 6.2a and c we can see a trend in the graphs. For example,
around 1250 nm, around 1450 nm, and just before 1700 nm, the graphs seem to be neatly
ordered according to measurement depth. To investigate this trend statistically, effort was put
in finding a parameter that showed a significant relation between the measurement depth and
the resulting DRS signal. By trial and error, it was found that the parameter of the intensity
of the signal at 1203 nm showed this relation statistically. The intensity of the reflectance
signal of the measurements at 1203 nm as a function of the measurement depth is depicted
in Figures 6.2b and d. A linear fit was applied to the data points, of which the formula and
the coefficient of determination (R2) is shown in the plots as well.

The structural part of the integrated test consists of a graph that shows the axial force on
the drill as a function of time. In total, five of such graphs were constructed, obtained from
five drilled holes. One example of such a graph is depicted in Figure 6.3. The remainder of
the graphs can be found in Appendix D.

From this figure, we can conclude that the graph looks very similar to the previously obtained
graphs in the preliminary tests. The axial force on the drill fluctuates in the porous cancellous
bone and experiences a large peak in the solid cortical bone. The axial force range in the
cancellous bone stays relatively constant in the phantom with cancellous infill density of 50%
to 70%, and begins to increase for higher infill densities.

The force range in the cancellous part of the bone (with 50% infill density) is 0.0-7.9 N.
The average force in the cancellous core of the phantom with 50% infill density of all five
measurements was 4.2 N, and the average peak force in the phantom part with 100% infill
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(a) (b)

(c) (d)

Figure 6.2: Figures a and c are raw spectra of at various measurement depths in a test sample
with ABS 50% gyroid infill density in the core, a structural gradient towards the outside of the
phantom, and a hybrid optical filler with 50% water+fat content, a FF of 40%, and 1 wt%
Xanthan gum as a natural emulsifier. Figures b and d show the absolute reflectance intensity of
the raw spectra at 1203 nm as a function of measurement depth.

was 75.7 N. When comparing these values with the values obtained during the preliminary
drill test of a phantom with 50% infill density, the average force in the cancellous core is
approximately the same (4.6 N vs 4.2 N), but the peak force is much higher, namely 21.2 N
for the preliminary test vs 75.7 N for the integrated test.

6.3 Conclusions

In order to obtain an integrated bone phantom, the optical filler should be infused into the
structural matrix by covering the structural matrix with liquid optical filler and placing it
in a vacuum chamber for at least 40 minutes. The optical filler should be produced with a
natural emulsifier and gelling agent that is soluble in cold water, like Xanthan gum (for which
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Figure 6.3: Axial drill force over time of one drilled hole in a sample with ABS 50% gyroid infill
density in the core, a structural gradient towards the outside of the phantom, and a hybrid optical
filler with 50% water+fat content, a FF of 40%, and 1 wt% Xanthan gum as a natural emulsifier.
In the figure, the mean force in the 50% infill core of the phantom is indicated with a horizontal
dotted line, as well as the peak force in the cortical part of the phantom. On top of that, vertical
dotted lines indicate a step increase in infill density.
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feasibility was proven with 1 wt%).

Since a structural gradient is incorporated in the printed matrix, the composition of the bone
phantom changes and the measured DRS signal should change shape as well with increasing
measurement depth. As mentioned before, the spectra are normalized to 1187 nm, which
coincides with the location of the silicone absorption peak. The silicone content is higher at
lower depths, which means that the dip at 1187 nm should be bigger, and as a result, the
slope of the dip is steeper. When normalizing to this wavelength, the reflectance intensity
right before and right after the normalization wavelength should thus be higher for lower
depths. This is what can be seen in Figure 6.2a and c, and the statistical substantiation is
depicted in Figures 6.2c and d. Because R2 is above 0.8 for both measurements, it can be
concluded that the relation between reflectance intensity at 1203 nm and the measurement
depth is statistically significant. Because there is a significant relationship between the DRS
measurement and the depth of measurement, one can conclude that the phantom is designed
in such a way that a DRS system can theoretically be used to identity the location inside the
phantom. If the fitting algorithm would be adjusted such that ABS can be fitted as well, the
relationship between fitted values and measurement depth should theoretically also be visible
in the results.

A force increase with increasing bone density can be seen for measurements in the phantom
with 80% infill density and higher. This structural gradient has been demonstrated before
when drilling from bone marrow towards the cortical bone shell [53,55]. The mean axial force
in the cancellous core of the phantom is approximately the same as the the force measured
in the same structure during the preliminary drill test, namely 4.2 N vs 4.6 N, which demon-
strates the reproducibility of the drill test results. Compared to the target value of 6 N, the
mean force in the cancellous bone of the phantom is slightly lower, which is an indication
that the infill density of the core can be further optimized (increased slightly).

It should be noted that the peak force measured during the integrated test was three orders
of magnitude higher than the peak force measured during the preliminary drill test. This
is a logical result because the drill feed rate, the rotation speed, and the drill bit diameter
stayed the same, but the amount of material that must be removed from the hole in the
same amount of time increased due to the additional structural gradient. Because the total
material volume to be removed increased, the total energy required to drill the hole increases,
which is reflected in the axial force on the drill.

Because more material is removed during drilling, more chips are formed. On top of this,
there is less space to remove the chips from the hole because the surrounding material is
more dense. Because of that, the risk increases that chips accumulate in the the hole and the
friction force experienced by the drill increases as well. Due to a higher friction force, the
axial peak force might be increased as well.

Because the tested pre-cortical zone had a thickness of 8 mm in stead of the target thickness
of 3 mm, the peak cortical bone force in a phantom with a 3 mm thick pre-cortizal zone is
expected to be lower than the 75.7 N measured during the integrated test. The target peak
cortical force was set to at least 30 N, so to validate this requirement, a different integrated
sample with a 3 mm pre-cortical zone should be tested. It is expected that the peak cortical
force will then lie between the values of the preliminary test (21.2 N, not containing any
pre-cortical zone) and the integrated test (75.7 N, containing a 8 mm thick pre-cortical zone).
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Chapter 7

Discussion

7.1 Highlighted results

Even though multiple publications mention the inability to mix plastics with water and fat,
this study proved successful fabrication of optical samples containing silicone, water, and fat
with a water+fat content of 50% and a FF of 40%. The optical samples had an increased
optical stability and preservability of at least 10 weeks compared to simple water/fat hydrogel
phantoms [82,86,90–92].

One element of this research was to design a stable optical phantom with a specified fat
fraction because this parameter has proven its feasibility for tissue identification in previous
research [8, 14, 28, 68, 70]. It was concluded that the fitting algorithm that was developed to
determine, amongst other things, the FF of tissues from diffusely reflected light spectra for
tissue identification was not compatible with the synthetic optical phantoms tested in this
study.

However, the fitting algorithm succeeded in approximating the correct relative water+fat
content of the optical samples from DRS measurements. The summarized data show a positive
correlation between actual water+fat content and fitted water+fat content of the samples.
When looking into the water+fat content of cortical and cancellous bone, the conclusion
can be drawn that the two bone types can theoretically be distinguished from each other
by means of their water+fat content, because the average content for cortical bone is much
lower than that of cancellous bone (23.5% and 58.3% respectively) [24, 27]. Therefore, this
total water+fat content parameter shows great potential for the use of the DRS-based fitting
algorithm for synthetic bone applications.

On top of that, the results of the integrated test consisted of graphs that show that the
measured DRS spectra can be used to identity the type of tissue by analyzing the shape of
the raw spectra and the relative reflectance intensity between the graphs. As the porosity of
the core material decreased, the spectral shape transformed which resulted in a statistically
significant relation between the reflectance intensity at 1203 nm for normalized spectra at
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1187 nm, and the measurement depth. This indicates great potential for future application
in combination with (phantom-adjusted) DRS sensing systems.

The preliminary structural tests and integrated test showed that an Ultimaker 3 printer is the
best available 3D printer for the fabrication of the highly detailed porous structural matrix
and that the input model should be generated in the Cura slicing software. A structural
sample with a gyroid infill density of 50% and a solid printed cortical shell provides a similar
drilling environment as previously reported, and the results are repeatable [34]. An infill
density of 50% best approximates the drill targets for healthy cancellous bone, and the infill
density for osteoporotic bone should be investigated for values below 40%. The stiffness
and strength of the structural sample with 50% gyroid infill were significantly higher than
the set targets, although they fall within the range of measured E-Modulus and ultimate
strength values reported for bone material [23, 30, 32]. A structural gradient is visible in the
force measurement as a gradual force increase towards the dense bone phantom, which was
reported in previous research as well [53, 55].

7.2 Functional requirement validation

Because of the chosen structural matrix manufacturing method (3D printing), the dimensional
design is very flexible, such that any desired shape and outer dimensions can be chosen. This
ensures that Requirements 1.1 and 1.2 are met. The cost of the phantom consists of initial
costs (lab equipment, 3D printer, and vacuum chamber purchase cost), and material costs.
When only considering the material costs, the expenses of, for example, a vertebral model
like the one depicted in Figure 7.1 (which will be discussed in detail in the next section)
can be broken down in filament cost, which is 2.60 for 52 grams of ABS filament (including
supports) and €0.45 for approximately 15 g of the optical filler (including a safety margin of
3). Furthermore, the optical filler is enhanced with sodium benzoate, oil-soluble surfactant,
and water-soluble surfactant, which all cost less than €0.01 in such small quantities. This
results in a total phantom cost of €3.05, which is well within the target value of €1878, and
even significantly below, which means that Requirement 1.3 is met. Each phantom design
can be produced with simple lab equipment, a 3D printer and a vacuum chamber. Since all of
these device do not require extremely high initial cost or extensive knowledge and expertise
to handle, it is concluded that the phantom manufacturability is easy and thus Requirement
1.4 is met. Requirement 1.5 was also met because the integrated phantom was exposed to a
temperature of 55°C for 5 minutes, and did not show any signs of change.

It was concluded that the estimated FF values from the fitting algorithm were not accurate
for optical phantoms enhanced with silicone. Because of this, Requirements 2.1 and 2.2 were
not met. However, it was shown that there exists a good correlation between the relative
actual and estimated water+fat content of the silicone-enhanced samples. Human cortical
bone contains significantly less water+fat than cancellous bone, namely 23.5% compared to
58.3% as reported by Sierpowska et al. [27] and Carter et al. [24]. This is an indication that
the estimated total water+fat content, which is also an output of the fitting algorithm, can
be used as a tissue identification parameter in stead of the FF. Unfortunately, the spectra
of the integrated bone phantom could not be inserted into the fitting algorithm because the
integrated phantom consisted partly out of ABS which is not implemented in the algorithm,
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and thus resulted in strongly deviating fitted outcomes. Therefore, the potential of the wa-
ter+fat content is large, but concrete optical requirements could not be assessed yet. This
theory that the estimated water+fat content can be used as a tissue differentiation parameter
is reinforced by the fact that the raw spectra of the integrated part gradually changed shape
with increasing probe insertion depth and thus with a decrease in water+fat content. This
gradual change in spectrum shape was validated by plotting the reflectance intensity at 1203
nm as a function of measurement depth, which resulted in a significant correlation. It was
therefore shown that Requirement 2.3 was met. The optical stability and preservability of
the integrated phantom was validated by visual inspection and DRS signal comparison in
week 0 as well as week 10. The optical samples that were enhanced with silicone and mixed
well, showed no signs of deterioration due to bacterial growth or dehydration. Furthermore,
there was no structural trend between the DRS signals obtained in week 0 and in week 10
which is an indication that the difference in measured spectra was not due to the elapsed
time, but rather due to other errors induced by for example varying measurement conditions.
Therefore, Requirement 2.4 was met.

The drill force in the cancellous bone of the phantom fluctuates between 0-7.9 N which means
that the target force range of 0-10.0 for healthy bone was simulated closely. Furthermore,
the mean force in the cancellous bone of the phantom was 4.2 N which is lower than the
mean target force of 6 N for healthy bone, but still in the same order of magnitude. Lastly,
the mean peak force in the cortical bone of the phantom is 75.7 N, which is higher than the
minimum target peak force of 30 N. This means that Requirements 3.1 and 3.2 are both met
for healthy bone. It should be noted however, that the peak force in the cortical bone is
affected by the thickness of the pre-cortical zone, which was thicker (8 mm) than the goal
pre-cortical zone thickness (3 mm). For osteoporotic bone, an infill density that resulted in
well approximated targets was not found because all in all samples the measured force was
too large.

The stiffness and strength of the cancellous bone phantom material were higher than the
target values, namely 94.5 MPa target vs 237.4 MPa measured and 2.0 MPa target vs 7.0 MPa
measured respectively. This means that Requirements 3.3 and 3.4 were not met. The choice
was made to prioritize the drill characteristics in stead of the compression characteristics
because drilling represents the PSF procedure better, and therefore, not meeting these two
requirements is insurmountable.

The core of the phantom consists of a gyroid microstructure that mimics the porous cancellous
bone. The pore size of the gyroid structure falls within the target range and thus Requirement
3.5 is met. Requirement 3.6 states that there should be a structural gradient at between the
cancellous bone and cortical bone material, in which the density of the bone increases, the
axial drill force increases, and the pore size decreases to 0 mm. The model of the structural
matrix of the integrated phantom contained an 8 mm thick pre-cortical zone with a step-wise
increase in infill density from 50% to 100% (which equals an increase in BVF and apparent
density, as well). Furthermore, there was a force increased measured in this pre-cortical zone
of the integrated phantom, after drilling through the cancellous bone phantom material (50%
infill density) and before the cortical bone phantom material (100% infill density). Because
of these reasons, Requirement 3.6 was met.
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7.3 Impact

This report started off with spinal disorders, pedicle screw fixation, and drawbacks of this
stabilization technique. Although the stable, reliable, flexible, and reproducible bone phantom
design discussed in this report is not yet fully validated, positive preliminary results open
new doors to shorter medical device development and approval processes, more objective and
reliable surgical device assessment, and easier surgical staff training. The increased stability
of the optical part of the phantom reduces preserving complications and measurement errors.
The combination of an optical filler and a bone structure is not currently on the market
although optical-assisted devices are emerging in a fast pace. The integration of optics and
material science reduces the complexity and required time for optical guided surgical drill
device testing.
An example of a future final phantom design and its functions is depicted in Figure 7.1. This
example shows the bone phantom application for testing the guided steerable surgical drill for
PSF. The phantom has the shape of an L5 vertebra, obtained from a CT scan, but could be
adjusted to any shape (thoracic vertebra, half a vertebra ect). The core is a gyroid structure
with the desired infill density. For example, the infill density would be 50% in the aim is to
mimic healthy bone. The cavities of the structural matrix are filled using a vacuum chamber
with a silicone/water/fat mixture containing for example 50% silicone, and 50% water+fat
with a FF of 40%. The cortical shell surrounds the porous core and the thickness can be varied
along per location, for to assign a different thickness to the cortical thickness of the pedicle in
the ML direction and in the AP direction. Lastly, the phantom contains a pre-cortical zone
with a specified thickness and a gradient, in which the infill density changes from the core
towards the cortical shell.
The results obtained in this study are not only applicable to PSF, but can be implemented
in other orthopedic fields as well. They provide a basis for custom phantom design, tailored
to the needs of a broad range of orthopedic applications. Based on the requirements of the
bone phantom in question and the different types of samples investigated, the desired optical
characteristics and structural characteristics can be selected. These design choices can then
be implemented in an integrated design with custom shape and outer dimensions. In this
manner, the current project not only provides a phantom design for PSF applications, but
the results can be used as a phantom design tool and manufacturing guide.
Next to orthopedic applications, the optical filler described in this report could be adapted
for soft tissue phantom design as well. Currently, the most commonly used optical phantoms
consist of hydrogels that are very susceptible to deterioration due to bacterial growth and
dehydration. A very promising alternative to these unstable optical phantoms could be a
phantom containing not only water, fat, and an emulsifier, but also silicone, like the optical
filler samples described in this research.

7.4 Limitations and recommendations

Generally, the fitting results that were generated by the fitting algorithm depend heavily on
the assumptions made about scattering parameters based on the analytical Farrell model [79],
namely the reduced scattering amplitude at the reference wavelength (S800), the Mie scatter-
ing slope (b), and the Mie-to-total reduced scattering fraction (Fmie) [8]. In previous studies,
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Figure 7.1: Figure of an example phantom for combined DRS and structural testing. The model
represents an L5 vertebra with a hybrid optical filler and a cancellous bone core.
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it was concluded that the scattering values that were known to be correct, were only correct
for specific real soft human tissue, and that synthetic phantoms have completely different
scattering values. The values of these scattering parameters for the optical filler samples were
determined by trial and error, by matching the fitting output of DRS measurements on pure
water and fat phantoms with the actual content of the phantom. Because the scattering
parameter estimations were based on only a limited number of measurements, it is unknown
if these parameters are correct and thus are at the global minimum of the optimization, or if
they result from a local minimum.

As the fitting algorithm is based on the Farrell model equations [79], one of the conditions
for using this model is that the scattering distance (the distance between the emitting and
collecting optical fiber) is big enough in order for the assumptions of the model equations to
hold. During previous tests, is was concluded that errors were induced in the results with a
fiber distance of around 1 mm. Since the fiber distance used in these tests was 1.22 mm, it
could be that the fitting results contained such errors.

The initial idea was to use the difference in FF between cortical and cancellous bone to identify
the tissue boundary because this parameter has proven its feasibility in previous research [8,
14,22,28,68,70]. Although papers were found that report a significant difference in water+fat
content between cortical and cancellous bone, a feasibility study on the implementation of
this parameter in a DRS-based boundary detection system was never performed. Therefore,
if the water+fat parameter resulting from the fitting algorithm is going to be used to detect
the boundary between cortical and cancellous bone, such a feasibility study should be carried
out on beforehand. In this manner the effect of unknown factors such as large inter-patient
differences in water+fat content can be investigated.

Although the fitted water+fat content showed a positive correlation with the actual water+fat
content, the variability of the results of some samples was large. It should be investigated if
this variability originates from measurement errors, phantom inhomogeneity or another factor.
Because the phantom is designed, amongst other things, for comparing novel medical devices
with each other, the results should be consistent and reproducible with a small variability.
One of the possible explanations for a large variability in the results is the uncontrolled tip
pressure on the DRS probe during testing. Although research by Swamy et al. [70] showed no
significant error in the fitted FF due to probe handling conditions, it is known that the pres-
sure on the DRS probe tip influences the collected DRS signal. A revised measurement setup
with controllable probe tip pressure could remove this unknown parameter from the obtained
data, such that the influence of the pressure on the DRS measurements can be investigated.

As discussed in Chapter 6, the fitting algorithm cannot be used on the integrated phantom
at this point. The reason for this is that the fitting algorithm is developed for fitting real
tissue constituents and therefore, ABS is not yet implemented in the algorithm. If an ABS
structural matrix and silicone/water/fat optical filler is going to be used in combination with
the fitting algorithm, ABS should be added to the material library of the fitting algorithm.
Only after implementation, the accuracy of the water+fat content approximation of the in-
tegrated phantom can be estimated again. In this research, the fat in the optical filler part
of the phantom was peanut oil. The fat that is being fitting by the algorithm is based on
real human fat with a slightly different absorption spectrum. This difference in spectrum
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might induce fitting errors. To eliminate these errors, the absorption spectrum of peanut oil
should be implemented as well. The same holds for silicone, as the silicone that is being fitted
is based on a standard silicone absorption spectrum, without known material characteristics
and origin.

On top of that, the working principle of the fitting algorithm relies on a priori knowledge
about the approximated sample composition. It was concluded that the fitting outcomes for
the pure water/fat phantoms only closely resembled the actual values if the additional silicone
chromophore was turned off in the fitting algorithm. This means that the fitting algorithm
can only be used once the main components in the tissue or phantom are known already, and
that it should be adjusted manually if different tissues and phantoms are compared.

Due to infusion problems, a different emulsifier (Xanthan gum) was used for the integrated
test, than for the preliminary tests. The assumption was made that, as long as the water
fraction, FF, and silicone fraction stayed the same, and the hybrid filler well mixed, the ab-
sorption, optical stability, and preservability characteristics of the filler were not significantly
different compared to the previously evaluated optical filler with agar agar. This should how-
ever be confirmed.

The material characteristics of a phantom that mimics osteoporotic bone should be investi-
gated in more detail. Unfortunately, with the test samples for healthy bone, no good match
with osteoporotic targets was found because all infill densities were too high. What can
be concluded is that samples with an infill density lower than 40% should be evaluated for
osteoporotic bone phantoms.

The target structural gradient in the pre-cortical zone of 3 mm thickness was not validated
because in the integrated test, for visualization purposes, the pre-cortical zone thickness was
set to 8 mm. This means that Requirement 3.6 is not met for this test phantom. However,
since 3D printing allows for extremely flexible design, the structural gradient can be adjust
very easily and the goal structural gradient can be accomplished. In the future, a phantom
design with the correct structural pre-cortical zone thickness of 3 mm should be validated.

The bone phantom design discussed in this report consists of a 3D printed ABS structural
matrix with an infused optical filler made out of mainly water, fat, and silicone. The phantom
is unique because it combines both the optical and structural characteristics of bone, which has
not been reported before. Furthermore, this report contains all the relevant information for
anyone to compose a custom bone phantom with desired optical and structural characteristics,
and thus serves as a design tool. Lastly, it was proven that the production a soft optical
phantom containing water, fat, and silicone is feasible and that such a phantom has an
increased stability and preservability compared to classic hydrogel soft tissue phantoms, which
opens new doors for soft tissue phantom design.
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Homogeneity plots
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(a) (b)

(c) (d)

(e) (f)

Figure A.1: Averaged raw spectra of three measurement locations per sample
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Figure A.1 continued
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Figure A.1 continued
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Figure A.1 continued
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Figure A.1 continued
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(a) 40% infill density, hole 1 (b) 50% infill density, hole 1

(c) 40% infill density, hole 2 (d) 50% infill density, hole 2

(e) 40% infill density, hole 3 (f) 50% infill density, hole 3

Figure B.1: Axial force on the drill while drilling in ABS samples with various infill densities,
without optical filler, as a function of time. In the plots, the mean force in the 50% infill core of
the phantom is indicated with a horizontal dotted line, just like the peak force in the cortical part
of the phantom. On top of that, vertical dotted lines indicate a step increase in infill density.
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(g) 50% infill density, hole 1 (h) 50% infill density, hole 2

(i) 50% infill density, hole 3

Figure D.1 continued
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Compression test results
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(a) (b)

(c)

Figure C.1: Stress-strain plots of ABS samples with various infill densities without optical filler.
In the plots, a linear fit of the linear-elastic part of the curve is indicated with a dotted line. The
slope of this linear fit is an approximation of the E-Modulus of the samples.
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(a) (b)

(c) (d)

(e)

Figure D.1: Axial drill force over time of five drilled holes in samples with ABS 50% gyroid infill
density in the core, a structural gradient towards the outside of the phantom, and a hybrid optical
filler with 50% water+fat content, a FF of 40%, and 1 wt% Xanthan gum as a natural emulsifier.
In the figure, the mean force in the 50% infill core of the phantom is indicated with a horizontal
dotted line, just like the peak force in the cortical part of the phantom. On top of that, vertical
dotted lines indicate a step increase in infill density.
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