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Abstract

Spinal fusion surgery is applied, amongst other reasons, to correct unwanted curves in a spine hampered by
scoliosis. During spinal fusion surgery, holes in the vertebra must be drilled, after which pedicle screws are
placed. Traditional drilling only allows for the formation of straight holes. Ill-placed trajectories cannot be
course-corrected, leading to repositioning the drill and starting again in the, weakened by the first attempt,
vertebra. This thesis aims to develop a drilling method that will allow for the application of trajectory control
during operation. This will form the first step towards a new spinal surgical instrument that could be used
for course-correcting during spinal drilling or form curved holes applicable for new state-of-the-art alternate
bone anchors.

The proof-of-principle instrument designed and fabricated in this thesis consists of an impulse generation
part, a bendable tube with a saline medium, and a working head, which will perform the impacts on the bone
tissue. The method consists of drilling using the repetitive impact of a solid round tip with a diameter of 4
mm. Through the use of a bendable impulse transmission tube, the instrument allows for the application of
steerable drilling. The impulse will be generated by a manual compressed and released compression spring.
This impulse will be translated into a hydraulic pressure wave; whereafter it will travel through the liquid
medium of the tube, ending at the working head, which translates it into an impact on the target tissue.

The method has been proven to work in every state of curvature of the transmitting tube, ranging from 0
degrees till 90 degrees. Furthermore, almost 20% of the desired impulse output found in this thesis, 0.077 Ns,
that would allow for high-speed drilling, 0.3 mm per strike, was reached. A linear increase in impulse output
was found, correlating with the linear input increase, suggesting plausible higher impulse output magnitudes
could be possible. In the future, the instrument’s efficiency should be increased, as a mean efficiency of
3.5% was achieved, caused mainly by leakage of the saline filler and high friction with the mechanisms in the
tube. All in all, the method shows great potential to be utilised as a future trajectory controlled bone drilling
instrument.
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1
Introduction

1.1. The vertebral column
The spine, or vertebral column, is the body’s central
structure of support. Your spine helps you walk, sit,
stand, bend and twist. It is a vital structure in the
human body, as it protects the spinal cord. Around
50,000 species of animals share this feature with us, of
having a vertebral column [1]. The human vertebral
column is divided into five segments containing a total
of 33 vertebrae [2], as seen in Figure 1.1. The cervical
is the superior most section of the spinal column, con-
sisting of seven vertebrae. This section is followed by
the thoracic section, which has twelve vertebrae. Be-
low that, the lumbar section is found, which consists

Figure 1.1: A representation of the vertebral column and its five
sections: the Cervical, thoracic, lumbar, sacrum and coccyx, with
their corresponding vertebrae [3].

of five vertebrae. Further down the spine, the sacrum
and coccyx sections are found, having five and four
vertebrae respectively in their section [2]. The lum-
bar, thoracic and cervical vertebrae share a similar
structure, except for the first and second cervical ver-
tebrae, the atlas and the axis [4]. The other vertebrae
in the three mentioned sections are all composed of
an anterior cylindrical vertebral body, two lamina, two
pedicles, a spinous process, four articular facets and
a vertebral foramen, which contains and protects the
spinal cord [4], as seen in Figure 1.2. The main axial
load bearing structure of the vertebral column is the
the anterior cylindrical vertebral body. This structure
is mainly composed of cancellous bone, also know
as trabecular bone, with a thin outershell of cortical
bone encasing the cancellous bone peripherally [6].
Cancellous bone has a porous, inhomogeneous struc-
ture, and mostly behaves elastically for a wide range of
strain rates. Cancellous bone’s strength and the elastic
moduli is dependent on the density of the bone to
the second power [6]. The surrounding cortical bone
on the other hand, has a much higher density and
strength compared to the cancellous bone [6]. Each
of the lumbar, thoracic and cervical vertebrae are sep-
arated by intervertebral discs. These discs allow for
flexibility of the vertebral column [2], and are com-
posed of an outer structural, firm fibrous cartilage
(annulus fibrosus), with in the centre, the softer, shock
absorbing nucleus pulposus [6].

The vertebral column must be strong enough to

Figure 1.2: Anatomy of the vertebra [5].

1



2 1. Introduction

protect the cauda equina, nerves that leave the spinal
cord between spaces in the bones, and the spinal cord,
rigid enough to support the torso, and be able to an-
chor all the other muscles connecting to the vertebral
column for support [4]. Next to this, it must be flex-
ible enough to allow for mobility and twisting of the
body in multiple directions. However, these combined
properties of mobility and rigidity come at a price, in
particular at the lumbar and cervical part of the spine
[4]. A well known problem that can occur with the
spinal column is scoliosis. Scoliosis is a sideways cur-
vature of the spine. and can occur in patients due to
growing irregularities of the vertebral column, osteo-
porosis, or destruction of joint capsules, facet joints,
or discs [7]. Furthermore, ligaments may create seg-
mental instability or spinal stenosis, narrowing of the
spaces within the spine, can occur [7].

Spinal fusion surgery can be used to correct the
curve in a spine hampered by scoliosis. It works by
permanently connecting two or more vertebrae with
strategically placed bone grafts, pieces of transplanted
bone tissue. The grafts mimic the bodies own heal-
ing process of broken bones. By doing this, motion
between the fused vertebrae is eliminated, but in re-
turn, it can correct the deformity, improve stability
or reduce pain the patient might be experiencing [2].
To hold the vertebrae together while it heals into a
solid unit, pedicle screws, medical implants, are im-
planted posteriorly into the spinal vertebrae. The
pedicle screws are connected longitudinally to rods or
metal plates in order to fixate the vertebral column in
place, as can be seen in Figure 1.3. The construct will
help correct spinal alignment or promote stabilization
[2].

1.2. Current challenges: Pedicle
screw placement

Although pedicle screw fixation is claimed to be the
state-of-the-art in spinal deformity correction [8], it

Figure 1.3: Radiographs of a patient with progressive right thoracic
adolescent idiopathic scoliosis, with A) preoperative lateral view, B)
preoperative anterior view, C) postoperative, after treatment with
posterior segmental pedicle screws, lateral view, and D) postopera-
tive anterior view [7].

does come with its challenges and disadvantages. Dee-
pak and Najeeb [9] find that the procedure requires
a steep learning curve for the surgeon to master the
operation, as it is a very complex and technically de-
manding operation. Next to this, neural or dural injury
can occur as a result of medial or caudal penetration
of the pedicle cortex. Furthermore, extensive tissue
dissection is required to allow for the optimal screw
orientation entry trajectory. On top of that, the pedi-
cle screw fixation procedures demand a very lengthy
operative time, as well as, have a high financial cost
[9]. Lastly breakage or loosening of the screw can also
lead to major complications [2].

Cancellous bone of itself is too weak to achieve suf-
ficient gripping strength on the pedicle screws alone
[10]. It is, therefore, crucial that the helical thread of
the screw is in direct contact with the outer cortical
bone layer, which has a much higher strength than
cancellous bone, to ensure enough holding strength
of the pedicle screw is achieved [10]. Furthermore,
due to the short and bent surface of the cortical bone
of the pedicle, where the screws are usually set, only
a small contact surface with the screw and the corti-
cal bone is achieved. This decreases the grip strength
even more. As mentioned earlier the operation has
a very high learning curve. The surgeon has to have
a sound understanding of the spine anatomy of the
patient, because of limited visibility of spinal anatomi-
cal landmarks during operation [11]. Especially, as the
operation occurs near vital vascular and neural struc-
tures. Next to this, whilst inserting the pedicle screw,
the surgeon can not change trajectory. This can lead
to mal-positioning of the pedicle screw, resulting in re-
moval and repositioning of the pedicle screw [11]. This
compromises gripping strength and incorrect place-
ment of the screw can cause detrimental damage to
the vascular and neural structures surrounding the
vertebra if the screw were to breach the vertebra wall
[11].

1.3. State-of-the-art: Spine surgery
The current gold standard of treatment of scoliosis is
posterior spinal instrumented fusion [12]. Utilizing
pedicle screws is considered to be the best fixation me-
thod to achieve spinal fusion in order to treat spinal
deformities [2]. Boucher, in 1959, was the first to make
use of pedicle screws [13]. He used a longer facet screw
across the pedicle in order to fixate it into the vertebra
[13]. Tullos and Harrington were the first to insert the
pedicle screw through the isthmus, segment of bone
connecting the facet joints at the back of the spine
[14]. The original method was one were a rod, the
Harrington rod system, was used and attached to the
spine. This was first done with sublaminar wires, fol-
lowed by a method that used multiple hooks, which
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changed into a hybrid instrumentation of the two, end-
ing in the pedicle screw constructs we see today [12].
The pedicle screw proved to be a powerful anchor,
achieving better correction than the previous fixation
techniques [12]. As there are numerous varieties in
morphology and size of vertebrae and thus of pedi-
cles, a large variety of pedicle screws exist. Each of
the pedicle screws having different pitch and screw
patterns, thread and pitch sizes, and diameters that
vary between the 4.5 mm to 7.0 mm [15]. The pedicle
screws further connect to various anchoring devices,
such as rods, threads or plates, which fixate the ver-
tebral column. The fixation in combination with the
placement of bone grafts result into the current gold
standard of spinal fusion surgery.

Minimally invasive spine surgery (MISS), has got-
ten a lot of attention in the past two decades in the
treatment of spinal disorders like scoliosis [16, 17].
This form of spinal surgery is gradually replacing the
traditional open spine surgery, with estimates sug-
gesting that in 2020, almost half of the instrumented
surgeries were conducted with the use of MISS in the
United States [18]. Aided by modern navigation and
diagnostic technology, innovative optical and spinal
devices, and improved MISS instruments, MISS shows
multiple advantages over the traditional open spine
surgery, like less trauma to soft tissue, smaller skin inci-
sion and reduced blood loss during operation. This all
leads to relative faster recovery of the patient [16]. The
two main innovations MISS brings are the guidance
and imaging techniques, and the robotic aided spine
surgery. For guidance and imaging techniques, the
use of endoscopic devices is found to have positive re-
sults during surgery [19]. Next to this, 3D fluoroscopy
is used as well, which reconstructs a 3D image out
of multiple 2D fluoroscopic images. This allows for
a trajectory for the spinal screw to be set with path-
planning software. This trajectory can be projected
onto a real-time 3D fluoroscopic image in order to aid
the surgeon with navigation [20, 21]. Furthermore,
computer-assisted surgery (CAS) is used. This tech-
nique uses markers together with software allowing
surgeons to monitor and track, in real time, surgical in-
struments relative to the patient’s anatomy. CAS aids
in pre-surgical planning and aims to reduce errors to
enhance patients outcomes [21].

The robotic aided spine surgery comprises three
different categories [17]. The first one is telesurgical
robotic systems. These allow for remote control of a
surgical robot, with the Da Vinci (Intuitive Surgical
Inc., Sunnyvale, CA, USA) robotic system being the
first to be introduced to the market [22]. Such tele-
operating instruments have the main benefit that a
surgeon does not have to be close to the patient to
operate on the patient. The second category com-
prehends Robotic-Assisted Navigation (RAN). RAN

employs robotic guidance, using pre- and/or intra-
operative real time imaging, to surgeon-operated in-
struments. Such a robot enabling RAN, is the FDA
approved SpineAssist (Mazor Robotics Inc., Caesarea,
Israel), which evaluates the position of the pedicles
and indicates the correct trajectories of the surgical
instruments [17]. The third category is artificial reality
(AR). It uses dedicated hard- and software, capable of
projecting images directly onto special lenses worn by
the surgeon. This allows surgeons to visualize infor-
mation about the procedure, such as a 3D model of
the patients anatomy, in real time [17, 23].

1.4. Goal of this study
There are still a lot of complications that occur with
pedicle screw placement and pedicle screw holding
strength once a pedicle has been inserted and an-
chored, as mentioned in Section 1.2. Most of the state-
of-the-art is focused on visual and physical guidance
innovations for pedicle screw placement, not much is
done on actual trajectory control and alteration dur-
ing the screw insertion procedure. An instrument that
can alter trajectory during operation and even drill
non-straight holes might come with great advantages.
Surgeons, once perforating the vertebra in an ill trajec-
tory could, with such a new instrument, change the
trajectory instead of exiting the perforation, reposi-
tioning the device and starting again with a new tra-
jectory. The latter will not only increase the operation
time, but also weaken the vertebra, due to unneces-
sary tissue removal. Next to that, creating a curved
hole in the vertebra might allow for new pedicle an-
chor designs, that can have a stronger holding strength
in the vertebra, which will reduce complications of
pedicle screws not staying in place over time. For this
reason, the goal of this study is to develop a new ver-
tebra penetration method that could be used in an
instrument that can control and alter its trajectory
during penetration of the vertebra. A representation
of the possible outcome of this study is presented in
Figure 1.4. The focus will be on penetrating the can-
cellous bone, as that is where the trajectory alteration
is required, as well as that, cancellous bone compre-
hends the lion’s share of the total volume that needs
to be penetrated.

1.5. Layout of this study
A preliminary investigation will be performed, in Chap-
ter 2, to find a suitable drilling method that can be
utilized for the trajectory altering drilling instrument.
Following this, in Chapter 3, an experiment will be
performed to confirm the validity of the chosen me-
thod and prove that it can indeed penetrate cancellous
bone. Chapter 4 will showcase the actual instrument
prototype design of the instrument that will prove if
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Figure 1.4: Representation of an instrument with steerable drilling capabilities (left two figures) and an instrument that can insert a
possible new future anchoring device in the non-straight hole that has been formed (right two figures).

trajectory altering drilling in cancellous bone is possi-
ble with the chosen method and design. In Chapter 5,
the prototype instrument will be tested to validate the
thesis of being a new method for trajectory altering
drilling. Following this will be a discussion in Chapter
6 and, lastly, the conclusion, Chapter 7.



2
Preliminary investigation

2.1. Overview: Investigation
To decide on the best method that would allow for
drilling a curved hole in the vertebra, different meth-
ods of bone machining have to be examined and com-
pared against each other. To compare the different
methods, relative to each other, a list that resembles
the basic prerequisites for bone osteotomy, surgical
cutting of bone, which could also translate to bone
penetration, can be used to differentiate between the
methods in order to select the best method for the
desired goal. The list, compiled by Giraud et al [24],
contains a number of prerequisites that a surgical tool
used for bone osteotomy should abide by. This list
is further specified and grouped into either opera-
tional prerequisites, fabrication prerequisites and tis-
sue damage prevention prerequisites. Quantification
of these prerequisites will be measured by comparing
the characteristics of the different methods with each
other.
Operational prerequisites

1. Minimize operation time by rapid cutting of
the instrument: The instrument must allow for
quick operation performance, due to that the
longer the operation takes, the more postopera-
tive damage the patient will likely have.

2. Be easy to use: In order to keep control dur-
ing the operation of the instrument, the sur-
geon must be able to perform the operation
with much ease in order to reduce complica-
tions, which might more easily occur if more
actions need to be performed during the proce-
dure.

3. Allow for cutting in different planes: To allow
for a steerable instrument that will create a 3D
curved hole in the vertebra, the method must
allow for cutting in different planes.

Fabrication prerequisites

4. Have a straight forward design: In the design
of the instrument, the eventual benefits an in-

strument brings must outweigh the complica-
tion of the fabrication of the instrument.

Damage prevention prerequisites

5. Prevent unnecessary removal of bone tissue:
Surrounding bone tissue loss must be kept at
a minimum in order to reduce postoperative
recovery time [25].

6. Prevent bone from being destroyed by harm-
ful processes like burning: Due to many in-
struments inducing thermal effects, tissue tem-
perature can rise. Bone tissue is very sensitive
to heat. Temperatures above 50 degrees Cel-
sius can lead to bone necrosis and neural tissue
necrosis can occur at around 43 degrees Celsius
[26].

7. Prevent delay in bone tissue regeneration Post-
operative recovery should be as fast as possible,
as prolonged recovery periods increase patients
suffering. The surgical method must not induce
effects that might prolong the duration of bone
tissue regeneration.

8. Prevent damage to nearby tissue Tissue in the
proximity of the operation site must not be harmed
during the operation.

9. Prevent unwanted biological effects: The ef-
fects of the surgery must not evoke postoper-
ative complications that will delay recovery or
become an entire new problem for the patient.
In other words, the instrument must not operate
in such a way that it might result into damage
elsewhere, whilst operating on the target tissue.

There are a lot machining techniques which might
be used in an instrument that is able to create a curved
hole in the vertebra. An extensive search through liter-
ature has resulted in a list of those possible machining
methods, as can be seen in Figure 2.1. It provides an
overview of the possible machining methods.

5



6 2. Preliminary investigation

Figure 2.1: Categorisation of different machining methods. The overview is divided into four different sections based on the method the
bone tissue is affected whilst performing the penetration of the bone. These four ways of bone alteration are: compression, fragmentation,
phase change, and abrasion. These are further divided into different sub-categories.

The overview is divided into four different sections
based on the method the bone tissue is affected whilst
performing the penetration of the bone. These four
ways of bone alteration are: compression, fragmenta-
tion, phase change, and abrasion. These are further
divided into different sub-categories. In Figure 2.1, it
can be seen that ’mechanical’ falls under both frag-
mentation and compression, as it is believed to be a
hybrid, as the bone initially get fragmented and then
gets compressed to the side. Further research and
experimentation, performed during this thesis, will
investigate if this is truly the case, as the literature is
unclear on this concept in relation to cancellous bone
of the vertebra. The possible methods will be further
analysed and compared with each other in order to
find the most suitable method to use in the steerable
drill design. It must be noted that a systematic litera-
ture review could have been performed on the differ-
ent methods of penetrating bone from where, possibly,
an alternate result would show the best method for
creating a multidirectional hole in bone. However,
due to this not being the main scope of the thesis,
certain assumptions were made in order to choose a
promising technique that would allow for sufficient
achievement of the goal, very interesting results and
allow for innovation instead of repeating the golden
standard. In the next section a structured overview of
the methods has been applied that corresponds with
the structural overview of Figure 2.1.

2.2. Machining method analysis
2.2.1. Abrasion
Drilling
Two methods use abrasion as a means of bone re-
moval. These two methods are drilling and grinding.
Abrasion uses the process of wearing or scraping bone
away, as seen in Figure 2.2.

The most common method for penetrating bone
is drilling bone [24]. The instrument creates a rotary
movement of the drill head. This drill head than pene-
trates the bone, due to the high speed rotation of the
drill head, which abrades away the bone. Advantages
are that drills can provide very rapid execution in pen-
etrating the bone, with one of the main advantages
of drilling being that it is relatively simple to design
[24]. Hence, this method already has a lot of literature
and patents that showcase a steerable drill with the
ability to drill through bone with an adjustable or set
curve, as seen in the patent review of Sendrowicz et
al [27]. However, only six of the 41 examined patents
were commercially available [27] indicating that there
still might be some difficulty in creating a drill that can
drill a curved hole. Disadvantages of drilling consist of
possible accidental damage to surrounding tissue as
tools tend to slip. Next to this, drilling generates a lot
of heat, which is detrimental to the surrounding tissue
[24]. In the study of Gupta et al [28], two drills were
compared to each other. The first one being an ordi-
nary bone drill and the second having an additional

Figure 2.2: Abrasion is performed by repetitive scraping or grinding
of the bone.
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ultrasonic vibration added to the rotary motion of the
drill bit. The study concluded that using additional
ultrasonic vibration minimized the torque and cutting
force required, and had a lower temperature increase
than the conventional method [28].

Grinding
The second abrasion method is grinding. Bone grind-
ing is done with high-speed abrasive tool grinds [26].
The bone is scrubbed away by the abrasive surface
of the instrument’s working head. The tool can grind
through rotary movement or lateral movement of the
grinding surface. The design of the rotary version is
similar to the previous mentioned drill, just that the
working head consists of an abrasive surface instead
of a drill head, indicating that this instrument has a
relative simple design as well. However, the problem
with bone grinding is that it produces much more en-
ergy compared to other cutting processes, which leads
to an increase in temperature [26], which can again
lead to bone necrosis [26]. This results into a big disad-
vantage for bone grinding, as one of the most essential
points in bone osteotomy is the minimization of high
thermal effects [24].

2.2.2. Phase change
Heat
Bone can be machined by changing the phase of the
tissue, as seen in Figure 2.3. This can be achieved in
two ways with the first method being burning or melt-
ing of the tissue due to friction. This can also be done
in a rotational manner which melts or burns the bone
due to friction of the working head against the bone.
As has been explained in the previous method, that
generating a lot of energy is very disadvantage in bone
osteotomy, this method is believed not to be relevant
for further analysis in finding an optimal method for
creating a curved hole in bone.

Chemical

Figure 2.3: Bone can be removed by changing the phase of the bone
by either burning or using chemicals. This will alter the bone so it
can be removed.

The second method to change the phase of bone is
with the use of chemicals. The process of dissolving a
structure is known as chemolysis or dissolution [29].
As no literature is found on the use of this method on
bone, chemical lithotripsy, where kidney stones are
destroyed with chemicals, was investigated to try and
draw a comparison to bone machining of cancellous
bone. It must be noted that calculi, kidney stones,
are a free floating structure and cancellous bone is
not. In this form of lithotripsy, the chemical solvent
is transported through a catheter to the kidney stone,
where it will be applied to kidney stones in order to
dissolve it [30]. However, it would be very hard to
control the solvent into creating the desired hole and
not spread through the bone uncontrollably, dissolv-
ing the surrounding cancellous bone tissue. Spread-
ing of the solvent must be avoided as it could have
catastrophic consequences for the patient. For this
reason, it is concluded that other machining meth-
ods are more favourable than chemolysis for creating
the desired hole in the vertebra and further analysis is
disregarded.

2.2.3. Fragmentation
Water jet
Another method for removing bone is done by frag-
menting. With this method bone gets fragmented into
small pieces in order to remove the bone, as seen in
Figure 2.4. This can be done either by mechanical
machining or non-mechanical. A non-mechanical
continuous machining method is with the use of a
water jet. In this method fluid impacts the material
with a high kinetic energy in order to remove and cut
material [31]. Cutting cortical bone with a water jet
requires pressures of more than 80 MPa to efficiently
and sufficiently cut through the bone tissue. If a water
jet beam gets reflected, at those pressure levels, on the
bone, the beam might hit another tissue and damage
it. Therefore, this method is undesirable due to safety
reasons [31]. For this reason solid particles have been

Figure 2.4: Bone can be removed by fragmenting the bone into small
pieces by using a repetitive impact mechanism. It is similar to a
jackhammer mechanism.
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added to the fluid creating a variation called abrasive
waterjet machining, which increases the cutting effi-
ciency significantly [31]. In the study of Schwieger et al
[31], an abrasive waterjet, with water pressure ranging
between 35 MPa to 70 MPa, is investigated. The nozzle
diameter, were the waterjet exits the instrument, is
around 0.2 mm. The study shows success in the cut-
ting of cancellous bone without any thermal effects,
however, because of the high porosity of cancellous
bone, the jet will be bent due to the numerous material
transitions. Next to this, the abrasive waterjet cutting
stream only has a diameter of 0.2 mm, which for cut-
ting through bone would be sufficient, but drilling a
relatively larger hole in bone would result into certain
complications of a drastic increase in operation time.
Next to this, if a larger waterjet diameter is utilized,
a lot more force would be needed to create the same
pressure, which might result into an unsafe operation.

Laser
Lasers could also be used as a continuous machining
method, however, pulsed laser is utilized as well [32].
A state-of-the-art bone cutting tool is the Er:YAG [32].
The radiation of the laser is absorbed by water sur-
rounding the target tissue. This water explodes and
evaporates, generating well circumscribed and sharp
superficial incisions in the target tissue. The laser has
options to change the energy settings and power fre-
quency. The laser can also operate in a pulsed or even
super pulsed mode [32]. In the study of Umberto et
al [32], two laser groups were used. One 30Hz, 3W,
100mJ and 35J/cm2, the other with the same wattage
and double the remaining parameters. They used this
with a 600µm diameter fibre tip [32]. With these ap-
plied parameters they found that no bone fragments
or sharp edges and a standardised depth was achieved
[32]. Next, it is also mentioned that utilizing laser is
a reliable stone fragmentation method, regardless of
the hardness of the composition [33]. Laser seemed
also to be more precise than piezosurgery, using ultra-
sonic vibrating instrument to resect bone, and stan-
dard bone drilling using a rotational drill, although
it lacked speed [32]. Another disadvantage of laser
is the complete lack of depth control [34], which is a
critical point in creating a hole in bone. Especially in
the vertebra, as going too deep might result in pene-
tration of the neurons in the spinal cord, which would
be detrimental. The last problem with laser, might be
if you want to drill a relatively large hole big enough
for a pedicle screw, the beam size needs to increase,
which will require a lot of energy. A different option
is an additional rotational head that aims the laser
beam at multiple locations in order to further pene-
trate the bone, which would increase the operation
time. A final option would be to penetrate the hole
multiple times with a smaller beam to get the desired

hole diameter, which would also increases the opera-
tion time. It hereby has the same problem the water jet
has, that the benefit of an increased beam size might
not outweigh the negative effects it would bring with
it.

Shockwave
The use of shockwaves is another non-mechanical me-
thod of machining. As no literature again has been
found on this method in relation to bone machining,
a comparison is made with a lithotripsy method us-
ing shockwaves [35]. Electrohydraulic lithotripsy is a
method that works by generating a spark discharge,
which leads to plasma formation that expands the sur-
rounding water rapidly, generating a hydraulic shock
wave. This shockwave fragments solid objects in its
path [35]. It is an effective, safe and cost effective way
of lithotripsy compared to other methods [36]. This
method might generate a new method of bone ma-
chining, as bone machining with laser almost works
on the same basis as mentioned before in the para-
graph on laser. The two methods are quite similar
and share, apart from the price, their advantages and
disadvantages [35].

In the field of lithotripsy, extracorporeal shock-
waves are also utilized. The method works on the
basis of sending a targeted shockwave towards the kid-
ney stone with the means to fragment it [37]. This,
however, might not work for generating a hole in bone
as such a method could easily harm surrounding bone
tissue, which is not the case for kidney stones as they
are free floating in soft tissue.

2.2.4. Compression
Continuous load
Both compression and fragmentation have been linked
to the mechanical machining method section. This is
because it is still unclear how the methods effect the
cancellous bone of the vertebra. For now it is believed
the cancellous bone will fragment and be compressed
towards the sides, indicating that the mechanical sec-
tion is a hybrid version of both compression and frag-
mentation. Compression is achieved by applying a
force onto the bone in order to penetrate it, as seen
in Figure 2.5. One of the machining methods in this
section is applying continuous pressure to penetrate
bone. Possible applications utilizing this method are
surgical knifes, wedges or bone awls. The idea is to
apply a large enough load on the target tissue with the
surgical instrument such that the tissue will give way
and break in order to penetrate or cut the tissue. How-
ever, applying an excessive force, that is generated by a
surgical tool, might lead to micro-cracks and fracture
formation which could ultimately lead, in the adjacent
area, to permanent damage, which in turn may lead to
a delay in the postoperative recovery of patients [38].
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This, however, was analysed on cortical bone as there
was no relevant literature to be found on the penetra-
tion mechanics of cancellous bone, which might act
in a different way because of its high porosity [39].

A study done by Mulligan et al [40] showed that an
increased force was needed to penetrate the cancel-
lous bone when larger depths were reached. The study
used a gauge-8 (4-mm diameter) biopsy needle. Pene-
tration speeds were used between 1 mm/s to 5 mm/s.
For 1 mm/s the force required at a depth of 25 mm was
found to be 1000 N. For 5 mm/s at 10 mm the required
force stayed around 500 N no matter the depth that
followed [40]. When comparing applying a constant
load to a repeated impact method, the constant load
might be at an disadvantage, as sudden stress might
require less force to break a material than the same
force applied slower to a material. The material has no
time to react in a ductile way [41], indicating that less
force is needed for the repeated impact mechanism.
However, an instrument that just applies a single load
has, most likely, a less complicated design than one
that generates repeating impacts.

This concept can also be applied with an addition
of a thermal tip, with the idea of having a continuous
load combined with a high temperature, which might
be beneficial for some materials. But as already men-
tioned, thermal damage to the surrounding tissue is a
critical point to consider.

Repeated impact
Repeated impact to the target material is another me-
thod of mechanical machining working with a fre-
quency. For bone osteotomy, this can be done in nu-
merous ways, with the most basic method being a
hammer and chisel. More advanced methods might
make use of a pneumatically driven oscillating work-
ing head [42], that strikes the bone, chipping bone
fragments off the bone. This working head could have
numerous tips depending on the surgical operation
that needs to be done. Cokkeser et al [43], find that

Figure 2.5: Bone can be penetrated with the use of compression.
By applying a large enough load onto the bone with an instrument
suitable for this operation, the bone will give way in order to form a
hole.

using a hammer and chisel provides an inexpensive
technique that provides practical and fast bone re-
moval. Next to this, they claim that it is a controllable
and very simple procedure compared to drilling [43].
However, from the research of Çukurova et al [44], it
is concluded that piezosurgery, osteotomy by using
ultrasonic vibrations, apart from the increase in price,
out performs the hammer and chisel method. The
results show a shorter operation time, a decrease in
pain and less recurrence compared to the traditional
hammer and chisel method [44]. In the study of Ed-
ward and Gallo [42] a traditional hammer and chisel
is compared to a pneumatically driven one. They con-
clude that the pneumatically driven one out performs
the traditional one. It is found that the pneumatic
osteotome provides more ease of use, and allows for
more accuracy and visibility whilst performing the op-
eration [42]. Next to this, it provides for a relatively
safe machining method as it does not cut into soft
tissue [42]. There is, however, a scarce amount of liter-
ature on the subject of using impact to fragment bone,
in particular cancellous bone. For this reason, pneu-
matic lithotripsy, which is already a successful appli-
cation in the field of removing kidney stones through
high speed impact fragmentation [33] and therefore
might indicate a possible application in the field of
penetrating bone, has been analysed as well. In the
study of Abedi et al [33], laser lithotripsy is compared
to pneumatic lithotripsy. From this study, it is con-
cluded that pneumatic lithotripsy is less expensive,
yet laser lithotripsy is the safest, most effective, and
most adaptable method. It fragments the target tissue
into smaller pieces and has less pushback compared
to its pneumatic counterpart [33]. This pushback
might become a problem when creating curved holes,
as the curved part of the instrument might buckle.
Another problem from repeated impact might come
from crack forming, as bone is a very brittle material.
Repeated impact might cause crack propagation in
the surrounding bone tissue. Presumably, due to the
scarce amount of literature on penetrating bone by
means of using repeated impact, no definitive forces
or frequencies were found indicating the right param-
eters to penetrate the bone with this method.

Ultrasonic vibration
The last mechanical machining method uses the prin-
ciple of ultrasonic vibration. For medical applications
it is usually called piezosurgery, as briefly mentioned
earlier. Piezosurgery uses the principle of making inci-
sions in bone with piezoelectric induced micrometric
ultrasonic vibrations [45]. When the instrument is in
operation, contact with the target bone tissue causes
the bone to break down into smaller pieces due to the
repetitive impact mechanics of the ultrasonic instru-
ment [46]. Piezosurgery can be used for a large variety
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of osteotomy, and proves especially important in cases
where soft tissue is adjacent to bones which results
in limited access for the surgeon. Its primary benefit
is namely that peizosurgery devices are harmless to
soft tissue, as the ultrasonic vibration only effects the
target tissue it was designed for [45].

In Umberto et al [32] and Troedhan et al [34], a
comparison is made in cutting bone between drills,
lasers and piezotomes (ultrasonic surgical instruments).
Umberto et al [32] finds that the laser produces the
most precise bone cuts compared to the other two
techniques, especially compared to traditional bone
drilling techniques. However, laser cutting does pro-
vide a longer operation time and learning curve than
the other methods. The laser also does not produce
any bone fragments, which makes it better for healing.
Piezosurgery showed less precise cuts, but showed
no thermal damage on the surrounding bone tissue.
Troedhan et al [34] find that laser osteotomy still has
a long way to go and has lack of depth control [34],
which might make it less viable candidate for using it
for creating the desired multidirectional hole. Backed
by clinical and experimental studies, Troedhan et al
[34] state that piezotomes improve bone-healing, pro-
vide a smooth bone cut surface, have the least amount
of thermal side effects on the surrounding tissue, and
have precise osteotomy design, protection of soft-tissue
and excellent depth-control. Compared to rotary in-
struments, piezotomes reduce the postsurgical mor-
bidity [34].

2.3. Machining method selection
In this section, the main reasons are given for the se-
lection or deselection of a method. To select the best
bone machining method, that will be utilized for a
steerable drilling device that can create a multidirec-
tional hole in the vertebra so pedicle screws can be
placed in the vertebra, the list of prerequisites given
in the overview section is cross analysed in relation
with the methods presented in the previous section.
Additionally, with the disadvantages and advantages
of every method a selection will be made to identify
the most promising method for creating a curved hole
with a steerable drill in the vertebra. It must be noted
that many of the previous methods had little to no lit-
erature on the method utilization on cancellous bone.
Especially, almost no literature was found on actually
penetrating cancellous bone with the found methods.
Therefore, comparison is made between the methods
based on how the methods compare in bone tissue
osteotomy mentioned in the literature and logical rea-
soning.

Many methods can already be discarded as they
are already proven less plausible to be a viable can-
didate in the method analysis section. For rotation,

this is the grinding and melting method, as drilling
is the better method, due to having the least amount
of thermal effects on the surrounding tissue. Next
to this, in the case of multidirectional drilling both
grinding and melting will most likely have the same
transition mechanism. Therefore, only drilling will be
further compared to the other methods. The method
of applying continuous pressure with and without ad-
ditional heat is also discarded. The reasons for this
are that it is believed that microfractures will occur in
the surrounding bone tissue, which will delay patients
healing [38], when pressure is applied to the bone in
order to penetrate the bone. Another reason is at some
point the hole will be perpendicular to the force ap-
plied by the surgeon to penetrate the bone, which re-
sults in variable force needed to generate curved holes
in bone. This can lead to high forces that need to be
applied in order to penetrate the bone, if the surgeons
applied force will be perpendicular to the direction
of the hole. The last reason, is that when comparing
applying a constant load to a repeated impact method,
the constant load might be at a disadvantage, as sud-
den stress might require less force to break a material
than the same force applied slower to a material. The
material has no time to react in a ductile way [41], indi-
cating that less force is needed for the repeated impact
mechanism.

The method with the additional heated tip is also
discarded as, again, the thermal effects are a big dis-
advantage. For the waterjet method, the abrasive wa-
terjet is more preferable than the waterjet that utilizes
liquid without additional particles, as that method re-
quires more pressure to penetrate bone [31]. Chemol-
ysis is also regarded as an undesirable method for cre-
ating a curved hole in the vertebra. Namely, because
it is assumed controlling the solvent will be difficult
and risk of the solvent spreading uncontrollably can
have detrimental effects, especially if it breaches the
spinal canal and harms the neurons.

The laser and the (abrasive) waterjet methods are
both great tools for bone osteotomy, but when it comes
to generating a relative large hole for a pedicle screw
to be inserted it might take too long, which is in con-
flict with one of the prerequisites of minimizing op-
eration time by rapid cutting. Next to this, due to the
lack of depth control as mentioned in the previous
section, there is an increased risk of penetrating the
spinal canal and harming the neurons. Even if the
beams were bigger for the abrasive waterjet the force
needed to generate the required 35 MPa to 70 MPa
[31] is assumed to be too high for safe operation. For
the laser method creating a larger beam would require
more energy [32] and will result in more thermal build
up, which is in contradiction with a the prerequisite
of preventing bone from being destroyed by harmful
processes like burning.
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Comparing the traditional drilling method to ul-
trasonic vibration method, both studies of Umberto
et al [32] and Troedhan et al [34] conclude that the
use of ultrasonic vibration in the form of a piezotome
is better than the traditional drilling method, on the
basis of more precision, less thermal heat build-up
and quicker recovery for the patients [32, 34]. When
looking at generating multidirectional holes in the ver-
tebra there is no clear indication of which technique
will be more beneficial, thus based in the previous ad-
vantages of piezotomes over traditional drilling, the
ultrasonic vibration method is considered the better
method. The combination of ultrasonic vibration with
traditional drilling method is considered better than
just the traditional drilling method [28], however, it
will still retain some of the disadvantages of drilling
compared to an instrument using pure ultrasonic vi-
bration as their means to penetrate the bone.

The method of generating shockwaves seems to be
a likely candidate due to its effective, safe and cost ef-
fective way it performs lithotripsy compared to other
methods [36]. Such a method could possibly be trans-
lated to an instrument that will penetrate the cancel-
lous bone. This method will also suffice in creating
curved holes as there are no stiff long components
required in the part that enters the body, hence, its
use in lithotripsy [35]. One drawback of this method
is that regulating the shockwave intensity to allow for
high precision penetration in the cancellous bone can
be quite difficult, due to the heterogenous nature of
cancellous bone [39]. The shockwaves can be either
too large or too small due to the cancellous bone not
having the same density and strength through the en-
tire vertebra [39]. Next to this, depth control might be
an issue as the device is not in contact with the bone
in the drill direction [35]. This might make it hard for
the surgeon to estimate its position in the vertebra.
But it is still believed the hydraulic shockwave method
might be a plausible candidate, due to the possibility
of an easy design for curved drilling, as an easy design
is favoured by the prerequisites.

The usage of ultrasonic vibration and repeated im-
pact might be a better alternative for reaching the goal,
as these methods might have more control over gener-
ating a multidirectional hole in the cancellous bone of
the vertebra, than the hydraulic shockwave method,
but they lack in simplicity of design. Ultrasonic and
repeated impact both have the same characteristics
of using mechanical impact to penetrate bone. One
using high frequency, low impact drilling, the other
using low frequency, high impact drilling. As already
explained in the method analysis, they allow for fast,
safe and relatively cost effective bone machining. It
is, therefore, believed, the three remaining methods,
ultrasonic vibration, repeated impact, and hydraulic
shockwave seem to be plausible candidates that are

believed to be able to sufficiently generate a multidi-
rectional hole in the cancellous bone of the vertebra
in order to insert pedicle screws for spinal fusion.

To better understand all three methods and make
an eventual choice as to which method will be utilized
for the continuation of this thesis, the methods are
further analysed into their specifics. Next to this, solu-
tion proposals of steerable instruments utilizing the
three different methods are proposed.

2.4. Bone machining method
solution proposals

2.4.1. Overview: Proposals
The three identified possible options to further inves-
tigate, ultrasonic vibration, repeated impact and hy-
draulic shockwave, will be examined in more detail
below. The exact workings of bone removal and the
required parameters needed in order to achieve its
bone machining capability will be explained. Next to
this, a general instrument solution proposal has been
made, based on current understanding of the tech-
niques and addressed literature. These solution pro-
posals propose a possible way of achieving the desired
goal with one of the three selected methods. It is hy-
pothesized that the technique used in the instruments
will be able to penetrate the cancellous bone. Next to
this, it is important that the technique must allow for
bending to allow for steerable drilling. Creating an in-
strument with the ability to allow for steerable drilling
through the vertebra, requires a transitional medium
to translate the required input to the output, which is
the working head. This transitional medium must be
able to bend in order to allow for the steerable drilling.
The three solution proposals give a general overview
of the possible parts which together will form the end
result. These parts are general descriptions with spec-
ifications left out, as this will only become relevant in
the actual design phase after a certain solution pro-
posal has been chosen. The following three solution
proposals show general interpretations of what an in-
strument utilizing a certain method might look like.
It must be noted that there are many different ways
the following instruments could be designed, with a
variety of mechanics. The following proposals are just
for illustrative purposes and to show that there are
possibilities in creating a relevant instrument utilizing
the different methods.

2.4.2. Ultrasonic surgical instrument
As explained in the previous section, ultrasonic instru-
ments cut bone through ultrasonic vibration of the
instrument. The fundamental design concept of ultra-
sonic surgical instruments is resonance. It allows for
minimum external energy input resulting in, at the op-
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erative end, maximum possible excursion. The entire
instrument is constructed with the half-wave resonant
condition in mind, with the goal of creating maximum
excursion at the working end [46]. It is found that
ultrasonic instruments usually operate around 25-35
kHz [47, 48, 49] for hard tissue and frequencies above
50 kHz for soft tissues, and an amplitude of the work-
ing end that can reach in between 100µm to 300µm
[47, 49]. Due to the mechanical waves induced by the
ultrasonic transducer, a phenomenon called agitation
occurs. Agitation induces fragmentation and disorga-
nization in the different bodies the instrument comes
into contact with [50].

An instrument using ultrasonic vibration can cut
material by utilizing three different methods, with 1)
segmentation occurs through ultrasonic vibration by
solid to solid interfaces by means of distinct vibration,
2) solid to liquid segmentation occurs by means of cav-
itation, and 3) due to high energy, ultrasonic vibration
makes it also possible to burn through soft tissue [50].
Because of the last method, one can see irrigation or
other cooling methods are needed in order to keep the
instrument cool if thermal effects are not wanted [50].
Four parameters characterize the ultrasonic surgical
tool from conventional tools. These are the insert’s
weight, the form, hardness and the induced frequency
of the instrument [50]. Next to this, the working pres-
sure, tip characteristics as shape and size, alloy and
sharpness, and the bone density influences the cutting
power of the instrument [49].

For the ultrasonic vibration method a solution pro-
posal has been made using a waveguide wire, for the
transitional part. These wires can translate ultrasonic
vibration generated as input and be translated to the
working head, which will vibrate as output [51]. These
wires have the ability to bend, making curved drilling
plausible, as seen in Figure 2.6. It further has an ultra-
sonic transducer in the handle to induce the ultrasonic
vibration, an amplifier between the transitional part
and the handle, the transitional part, and at the end
of the instrument the working head. The controls will
be built into the hand piece, allowing the surgeon to
activate the drill and to steer it. As ultrasonic vibration
causes thermal build up, the transitional tube also
functions as an irrigation channel.

2.4.3. Repeated impact
Penetrating bone through repeated impact can be
done in various ways. The most basic form being the
chisel and mallet, and more advanced forms, using au-
tomation, being a pneumatic chisel or other automat-
ically driven chisels. The chisel can also be replaced
with different working heads to achieve the required
penetration application. The chisel and mallet work
by striking the chisel with the mallet in order to cut
or fragment the target tissue. For the automated ver-

sion, the surgeon only has to turn on the device and
the chisel starts oscillating, resembling a jackhammer
effect. Due to repeated impact of the working head on
the bone, the bone will fragment.

Parameters effecting the cutting speed of the in-
strument are similar to those of the ultrasonic surgi-
cal instrument. The parameters are the form of the
working head, the frequency of the repetitive strikes of
the instrument on the target bone tissue, the material
hardness of the working head, the weight of the work-
ing head and the speed of which the working head
strikes the bone. The difference between ultrasonic vi-
bration and repeated impact mainly is that the first fo-
cusses on high repetitive frequency wearing down the
target tissue, whilst the latter uses a stronger impact
at lower frequency to break down the target tissue. For
the repeated impact, the solution proposal has been
made using a tube filled with liquid as transitional
medium, that will translate a generated impact in the
handpiece to the working head, allowing the working
head to repeatedly strike the target bone. This is be-
lieved to be a good candidate for this application as
a liquid filled tube allows for bending, thus for steer-
ability, as can be seen in Figure 2.7. Such a method of
translating impact through a liquid medium in order
to activate a working head has already been described
by Sakes et al [52] for the use of lithotripsy. In this
study, an impact, generated at the start of the tube,
was translated through the liquid to a working head
giving it an impulse, which would result in the striking
of a calcified occlusions in order to remove it. Possible
ways of generating a repeating impact might be with
the use of a jackhammer mechanism, a solenoid, or by
using repeated liquid shockwaves generated by a spark
generator. The working head will have a mechanism
that will pull the working head back after receiving its
initial impulse in order to achieve the repeated impact
effect.

2.4.4. Electrohydraulic shockwave
Electrohydraulic shockwaves induce a phenomenon
called bubble cavitation. It works by generating a
plasma in a liquid medium. This can be done by ei-
ther a spark discharge or an optical breakdown [35].
With supersonic speed, the plasma will initially ex-
pand, which will cause the hydraulic shockwave and
impact the target material. Following the plasma, is a
cavitation bubble. This bubble can be in the range of
several millimetres. This is dependent on the amount
of energy is applied. Around 100 microseconds later
the bubble will collapse, which will cause another pres-
sure pulse. The collapse might induce high-speed
microjets of liquid, which are capable of even pitting
metal surfaces [35]. Therefore, they may also provide a
valid option for stone fragmentation [35]. The bubble
cavitation can be calculated with the Rayleigh–Plesset
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Figure 2.6: A possible representation of a steerable ultrasonic drill with A) handpiece, housing the ultrasonic transducer, B) steering
mechanics, allowing the surgeon to steer the drill, C) ultrasonic horn, amplifying the ultrasonic vibration of the transducer and translating
it to the waveguide wire, D) the transition tube containing the waveguide wire, the liquid and the steering mechanics, E) the waveguide
wire, translating the ultrasonic vibration to the working head, F) the irrigation fluid flowing past the working head in order to cool it down
while operating, G) the working head, which will make contact with the target tissue in order to fragment it.

Figure 2.7: A possible representation of a steerable drill utilizing repeated impact with A) the handpiece, housing the mechanism that
will generate repeated impacts, B) steering mechanics, allowing the surgeon to steer the drill, C) the translational part, connecting the
handpiece to the transition tube, D) the transition tube, housing the liquid, the steering mechanics and connecting the handpiece to the
working head, E) the liquid, were the impulses will travel through, F) A representation of a repeating impact pattern, G) the mechanism
that will return the working head to its initial position after it has received an impulse, H) the working head that will strike the target tissue
through repeated impact received by the generator in the handpiece.

equation (Equation 2.1), or with an approach of this
equation, were tension and viscosity are neglected,
called the Young-Laplace equation (Equation 2.2) [53].
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In the research of Vorreuther et al [53], cavitation
bubbles were generated with a spark generator. Ener-
gies from 50mJ to 1300mJ and above were used. With
these inputs cavitation bubbles were reached of 4 to 6
mm for energy inputs of 400mJ and cavitation bubbles
reaching 15mm diameter with the use of energies up
to 1300mJ [53]. In order to design an instrument that

uses the method of electrohydraulic shockwaves to
penetrate bone, again a transitional tube containing
liquid has been used with the ability to bent, to allow
for steerability. Through this tube, a flexible wire runs,
that transports electrical charge towards the end piece,
as seen in Figure 2.8. The end piece, or the working
head, in this case is a spark generator. Around the
spark generator, a constant flow of liquid will be sup-
plied. This spark generator will generate a spark, that
will cause the surrounding liquid to superheat and to
form cavitation bubbles, which will enable the instru-
ment to penetrate the bone.

2.5. Continuation of the research
For the continuation of this thesis, a choice must be
made for a particular method. As there is already a lot
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Figure 2.8: A possible representation of a steerable drill utilizing hydraulic shockwaves with A) the handpiece, housing the mechanism and
electronics that will enable the instrument to function, , B) steering mechanics, allowing the surgeon to steer the drill, C) the translational
part, connecting the handpiece to the transition tube, D) the transition tube, housing the liquid, the steering mechanics and connecting
the handpiece to the working head, E) the flexible electronic wire that will transport the electrical charge towards the end piece, F) the
irrigation channel that will provide fluid to the end piece in order to create cavitation bubbles, G) the spark generator, that is connected to
the electric wire and will create a spark which will generate a cavitation bubble, F) a representation of an increasing cavitation bubble with
its surrounding shockwave, that will be used to penetrate the cancellous bone.

of literature on bone osteotomy with the use of ultra-
sonic vibrations and the benefits of using such a me-
thod compared to other methods [46], the ultrasonic
vibration method is a highly likely candidate for the
utilization in the further research towards the end goal.
Because of the lack of literature on the impact method,
but with the believe such a method might make a vi-
able solution for drilling a multidirectional hole in can-
cellous bone, due to reasons explained in the previous
section like no heat generation, ease of use and sim-
plicity of design, the repeated impact method will also
be a valid choice. Together with hydraulic shockwave,
these methods all utilize a form of impact in order to
resect bone. As again there seems to be little relevant
literature on the effect of impact on cancellous bone,
it will be interesting to perform experiments that will
shine a light on the effect of impact on cancellous
bone and what parameters will need to be utilized
in order to achieve relevant penetration of the tissue
through impact. For initial impact experiments, the re-
peated impact method has been chosen. It is believed,
the experiment will require the least elaborate setup,
as the other two methods require either an ultrasonic
transducer or a electric pulse generator, which are not
easily obtained. Further research, for this reason, will
be done on the repeated impact method, as it is be-
lieved that with the acquired data from the research,
educated guesses can be made that might predict the
usefulness of the other two methods in penetrating
cancellous bone, as they too use impact.



3
Proof-of-principle experiment: Repeated

impact

3.1. Overview: Repeated impact
An experiment is performed to prove if penetration
of cancellous bone by means of repeated impact is
possible and if so, which variation of impact would be
most suitable for further research. To validate this, a
setup will be made. This setup consists of a system
that can generate an impact, that will consist of a me-
chanical impulse, S [Ns], which is the integral of force,
F [N], over a time interval, dt [s], and a target tissue
that will receive the impact. However, the target tis-
sue, in this case being cancellous bone of a vertebra,
is difficult to acquire. Therefore, an alternative must
be found which has characteristics in the range of this
particular bone. To imitate the cancellous bone, a sub-
stitute, polyurethane foam, is used. The substitute
often used in literature [54, 55], with a density mostly
in the range of 0.16–0.64 g.cm-3 [55]. This material
is less complicated to acquire than actual cancellous
bone and has thermal and mechanical properties in
the documented ranges of human cancellous bone
[54]. Certain companies, like Sawbones, offer a vari-
ety of specialized bone models and replica material
with the same properties as the actual bone. However,
the products they offer are relatively more expensive
than polyurethane foam and have a a long delivery
time. Therefore, an extra test was performed in order
to establish that polyurethane foam is an adequate
substitute for cancellous bone found in the vertebra.
This was done with a compressive strength test, which
resulted in the continuation of using polyurethane
foam as a sufficient substitute for the initial, as can be
examined in Appendix A.

To come to a meaningful conclusion, the repeated
impact experiment must validate a number of aspects.
This experiment will, foremostly, validate if it is feasi-
ble to penetrate cancellous bone by means of repeated
impact. Next, what the effect of different variations
of impact would be on the target tissue, by using dif-
ferent geometries of the target tissue striking part and
a range of different impulse magnitudes. Finally, the

impact tests will be cross examined with a previous
experiment that applied a pure continuous pressure
on the target tissue, found in Appendix B. This is done,
to see if repeated impact requires less input force than
applying a continuous force, and if this is significant
enough to claim a more beneficial status of penetrat-
ing cancellous bone than just applying a continuous
load.

By analysing the previous aspects, results as which
magnitude of input force is needed to show visible
fragmentation effects, target tissue penetration rate
[mm/strike] and most efficient impulse variation can
be found. For simplification of the experiment and to
save valuable time, the repeated impact test will be
done with single impacts performed manually. This
is done, because it is hypothesized that at the prob-
able frequencies of operation, around 5 Hz to 15 Hz,
the results will not vary much if those same 5 to 15
impacts per second are done over a longer period of
time, instead of a second.

3.1.1. Requirements
The requirements will provide a guideline from which
a design for test setup can be designed. The following
list showcases the requirements:

• Generate impulse: The instrument must be able
to generate an impulse through an input force
that will impact the target tissue.

• An energy input in the range of 0 to 0.282 Joule:
The impact must be generated from a compressed
spring, which can deliver an energy output of
at least 0.282 Joule according Appendix B. The
spring must, at least, be able to compress over a
distance of 30 mm, to allow for sufficient varia-
tion in the impact magnitudes. The spring must
have a spring constant of at least 0.63 newton
per millimetre, as was found in Appendix B.

• Consistent impact: The generated impulse must
be consistent in order to achieve valid results.

15
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• Variable impact: The impulse must be variable
in order to measure different impacts and the
effects on the target tissue.

• Visible force input: The input force, the impact
will have, must be visible each test cycle.

• Adjustable distance between the tip and the
target tissue: The distance between the tip and
the target tissue must be accurately adjustable
with a 1 millimetre margin of error, in order to
strike the target tissue with the same travel dis-
tance each time.

• Interchangeable working heads: The working
heads must be interchangeable, in order to test
the effect of different tips on the target tissue.

• Resilient test setup: The test setup must be strong
enough to resist the forces of the input and out-
put of the experiment.

• Measurable output: The impulse that the im-
pact of the working head on the target tissue
will make must be measurable.

• Measurable penetration depth: It must be pos-
sible to measure the depth of penetration in the
target tissue.

• Interchangeable target tissue: Test tissue must
be easily exchanged for new test tissue to allow
for a large number of tests.

• Durable working heads: The working heads must
be of a hard metal in order to not wear down af-
ter multiple uses, as well as inelastic, in order to
decrease the elastic collision effect.

3.1.2. Experiment proposal
Through application of these requirements, a test setup
is proposed that will use compression springs that will
allow for the generation of a mechanical impulse, S
[Ns], as seen in Figure 3.1. In order to initiate the im-
pulse, the compression springs are compressed over
a certain distance d [mm] by means of a input force
Fi nput [N] and then rapidly released. The springs are
connected to a medium, the linear slider, that will
translate the mechanical impulse of the springs. At
the distal end, closest to the target tissue, of the linear
slider, different working heads are positioned in the
form of cylinders from hard material with different
shaped tips, and with a variation of different diame-
ters, as seen in Figure 3.2. These will strike the target
tissue with the generated impact made by the com-
pression spring. With a force loadcell, this impact will
be measured, as Sout put [Ns].

3.2. Method: Repeated impact
3.2.1. Research goal
The goal of this experiment is to prove if penetration
of cancellous bone by means of repeated impact is
possible and if so, which variation of impact would be
most suitable for further research.

3.2.2. Research variables
Independent variables
Impact shape
The working head that will strike the target tissue will
consist of cylinder shaped working heads, with a vari-
ation of different tips, as seen in Figure 3.2. Seven
different tip shape variations will be utilized. They
range from sharp tips all the way to blunt tips. This is
done to see which shape of tip seems to be most effi-
cient at penetrating the target tissue through repeated
impact. Next to this, a range of different diameters
is chosen for the working heads. Different working
head diameters will be examined to see, what effect a
larger diameter has on penetration of the target tissue.
Through testing with alternate diameters, an optimal
diameter could be established, that will require rela-
tively low impact pressure, whilst maintaining good
penetration capabilities, compared to the rest.

Straight pedicle screws typically have a diameter
around 5 mm to 8 mm in the lumbar region [56], al-
though thoracic pedicle screw diameters are more in
the range of 4.0 mm to 4.5 mm [57]. By using curved
holes in the lumbar region, a thinner curved pedicle
screw might possibly be used, as a thinner curved pedi-
cle screw might show the same holding strength as a
straight thicker pedicle screw. Therefore, the range
of the working head diameters will be set from 4 mm
to 8 mm to accommodate for the possibility of hav-
ing thinner pedicle screws. Three different working
head diameters will be analysed (4 mm, 6 mm and 8
mm). Three are chosen to see if linearity in the results,
found by performing the repeated impacts, occurs
when increasing in size or not. This will allow for con-
sideration of the best diameter size for the working
head. With the three different diameters of the work-
ing heads and the seven different tip forms, a total of
twenty one different working heads will be analysed.

Input impulse
Through the use of a compression spring and com-
pressing the spring over alternate distances, a range of
impulses can be generated. This will allow for a range
of impulses in relation to different working heads to
be analysed, to find the most efficient combination.
The amount of maximum energy the spring needs to
deliver to generate the right impulses, was found in
Appendix B, which resulted in 0.282 Joule. By con-
servation of energy, the spring potential energy can,
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Figure 3.1: Schematic representation of the mechanical impulse generating device, that will generate a mechanical impulse, S, by
compressing a spring with a force, Fi, over a distance, d, on a target tissue that is connected to a loadcell, in order to, capture the required
data with A) the linear slider, that can slide horizontally and holds the compression spring, B) the compression spring, which will generate
the impulse when compressed and released, C) the linear slider mount, which allows for the linear slider to rapidly move in one direction,
D) the working head that will strike the target tissue, E) different variations of those working heads that can be interchanged with each
other, F) the target tissue that will receive the impact, G) the loadcell that will capture the data of every impact that is generated on the
target tissue, H) the loadcell mount that holds the loadcell in place, so it will not move when receiving the impact.

Figure 3.2: Seven tip variations, with top a schematic representa-
tion and bottom the actual working heads (8 millimetre diameter
variation). Tip variation 1 to 3) has a sharp point, tip variation 4 to
6) has a blunt point, and tip variation 7) only has a flat surface as
working head tip.

theoretically, be fully translated to kinetic energy, K
[J], as shown in Appendix B. By rewriting the kinetic
energy equation (Equation 3.1), and with the known
mass , M [kg], of the translating medium, the velocity
of the impact can be calculated (Equation 3.2).

K = 1

2
M v2 (3.1)

v =
√

2∗K

M
(3.2)

With the same mass of the translating medium, M
[kg], and the newly found impact velocity, v [m/s], the
impulse, S [Ns], is found using Equation 3.3.

S = M ∗ v (3.3)

This impulse will be varied in magnitude by using a
range of different spring compression distances.

Dependent variables

Output impulse
The output impulse, S [Ns], will be measured by a load-
cell directly behind the target tissue. The loadcell will
provide the force, F [N], over a period of time, t [s].
With this data, the impulse, S [Ns], is calculated by the
integral of time over the force, given by Equation 3.4,
that the target tissue receives, can be analysed.

S =
∫

t
F d t (3.4)

Theoretically this should equal the input impulse, but
in reality this is not the case. There will be several
losses that will decrease the magnitude of impulse
that will be measured by the loadcell. These losses
consist of friction from the linear slider with the setup,
air resistance, damping caused by elasticity of the poly-
urethane foam (Appendix A) and potential heat loss.
With the impulse output data, the magnitude of the
impulse can be compared to the penetration rate for
the different working heads, in order to find the most
efficient way of penetrating the target tissue with the
repeated impact method.

Penetration rate
The penetration rate, millimetres per strike [mm/strike],
will be found by measuring the depth of a hole, that
is formed due to a number of repetitive strikes of the
working head on a particular spot on the block of poly-
urethane foam. The depth of the hole will be divided
by the amount of strikes it took to reach that particular
depth, which results in the average penetration depth
of that particular working head. With this data, com-
parison between the different working heads can be
done, to see which working head performs the best.



18 3. Proof-of-principle experiment: Repeated impact

3.2.3. Experimental facility
For this experiment, an experimental facility is used,
illustrated in Figure 3.3. With this setup, an impulse
can be generated by a compression spring (;24.4 mm,
spring constant k=0.78 N mm−1) over a set distance
and then releasing the spring to generate an impulse.
The spring is chosen, as compressing the spring over
a distance of 30 millimetres would give more than
enough energy, theoretically, to perform relevant im-
pacts with the working head that needed the largest
force to penetrate the polyurethane foam, variation
7 with a 8 mm diameter, as is established by the ex-
periment in Appendix B. This spring was placed on a
linear slider that could be pulled back over a set dis-
tance and then be released to propel the linear slider
towards the target tissue. The linear slider could be
pulled back accurately, manually by the operator, in
order to provide the right amount of impulse. This was
done by pulling the linear slider back till the end was
in contact with a stop, that was positioned at a pre-
cise distance, to allow for precise and accurate impact
inputs. The stop can be altered to allow for different
distances, to perform different magnitudes of impact.
This is done by sliding the screw up or down the slot
and fixating it at the right distance.

The working heads, were positioned at the distal
end of the linear slider, closest to the target tissue.
They could be interchanged and secured with the use
of an Allen screw located at the side of the linear slider.

To move the linear slider mechanism up and down,
a linear stage is utilized. The linear stage is a custom
made linear stage, found in the MISIT lab of the TU
Delft, that allows for vertical displacement of 1 mm per
step, with a maximum load resistance of 100 N. The
working head tip is positioned, with the linear stage,
in such a way that it rests on the target tissue with-
out compressing the spring. Any further movement
down would initiate compression of the spring. This
is done so that the tip of the working head will always
strike the target tissue with the same travel distance,
allowing for a more accurate impulse result.

The impact of the working heads was delivered
upon a polyurethane foam block (100 mm x 100 mm
x 30 mm), which was positioned on top of a platform
connected to the loadcell. This way, the entire im-
pulse can be measured, as the working head strikes
the target tissue. The foam block was generated by us-
ing polyurethane foam, made from a ratio of 1:1 from
the substances Polyol and Iso, and using a mould to
achieve the required form.

The data analysis and acquisition of the output
impulse was done with a data acquisition system (NI
USB-6002: 12-Bit, 10kS/s Low-Cost Multifunction DAQ)
and an analogue signal conditioner (CPJ RAIL, SCAIME,
S.N.: 001436), all connected to a loadcell ( PST, S-Type
Load Cell) with a capacity of 150 kg. The loadcell was

controlled with a software programme (NI LabVIEW
2018). The programme registered a change in force on
the loadcell and provided a data sample of the force
over time change during a 3 second window.

3.2.4. Experimental protocol
Before the experiment an initial test was performed to
see if the loadcell could capture the maximum peak
forces generated by the impact. The spring was com-
pressed over a range of distances ranging from 10 mm
to 30 mm with incremental steps of 5 mm in between.
The spring was then released, generating an impact
with a blunt tip at the distal end striking the loadcell
platform without the polyurethane foam block. These
same steps were repeated with the polyurethane foam
block. After confirmation that no peak force was out-
side the bounds of the loadcell with a maximum load
of 150 kg, the main tests could be initiated.

Different impacts for each working head were per-
formed, by compressing the spring over a set distance,
in a range of 10 mm to 30 mm with 5 mm incremental
steps, starting at the smallest compression distance
and then working up to larger distances with steps
of 5 mm. After 5 strikes of the working head on the
polyurethane foam, the sample was examined to see if
any relevant hole, further penetration of the working
head than just the tip, has been made. If no relevant
hole appeared, five more strikes were performed to
validate if this working head, with its current impact
magnitude was too small to allow for drilling into the
polyurethane foam, by seeing if the hole would be-
come deeper after the additional 5 strikes. If this was
not the case, the working head was registered at not
being able to penetrate the hole with that particular
impact magnitude. If after the additional 5 strikes,
the working head had penetrated the material further
than its tip, the 5 strikes were performed again at a new
spot on the surface of the material. The penetration
depth of the newly formed hole was then registered.
These steps were performed for every working head,
for every compression distance of the spring, in the
chosen range.

For each working head with a certain compression
distance, the test was performed 3 times, in order to,
provide a more accurate penetration distance by tak-
ing the average of the three. If a penetration depth of
12 mm with 5 strikes was reached by a certain work-
ing head, higher magnitude impacts were not further
performed for that working head, as such high pene-
tration rates would not be relevant in real life surgery,
because they would lack control if a surgeon were to
penetrate the cancellous bone with such a fast rate.

3.2.5. Data analysis
For each test, the penetration depth after 5 strikes was
registered in an excel table. The depth of the hole
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Figure 3.3: Experimental test setup used to analyse different forms of impact on a polyurethane foam block with a1) the linear slider,
containing the compression spring that will generate the impact when the linear slider is pulled up and released, mounted to a linear
stage, a2) the stop, a3) the linear stage used to translate the linear slider up and down, a4) the distal end of the linear slider, where the
working head is fixed, a5) a block of polyurethane foam (100 mm x 100 mm x 30 mm), a6) the loadcell, a7) data analysis and acquisition
equipment connected to the loadcell, b) the loadcell with a platform attached to it, c) the loadcell with a polyurethane foam block resting
on the platform, d1) the stop, which can alter in position in order to provide the right pullback distance of the compression spring, d2) the
handle which allows for manual pullback of the linear slider, compressing the spring, e1) the Allen screw that fixates the working heads
onto the linear slider, e2) a working head, that will strike the target tissue below.

was measured with the help of a calliper with an ac-
curacy of 0.1 mm. For each test the mean penetration
depth was taken and from that, the average penetra-
tion rate, millimetre per strike, was calculated. The
data of the output of the loadcell, captured with the
help of LabVIEW, was processed with MATLAB R2020a,
to generate force over time graphs. These force over
time graphs were used to find the impulse generated
for every single impact of the working head on the
target tissue.

3.3. Results: Repeated impact
In this experiment, impact through striking a block
of polyurethane foam with different working heads
was tested. Figure 3.4 shows for different compression
distances of the spring, together with different work-
ing head variations, the corresponding penetration
rate that was achieved. Every working head test of 5
strikes was performed 3 times to minimize the chance
of outliers. All working head impact tests were first
performed at 10 mm. From there, with steps of 5 mm,

the compression distance of the spring was increased.
Would a working head after the initial 5 strikes not
show relevant penetration depth, were only part of the
tip would have penetrated the target tissue, as seen
in Figure 3.5, 5 more strikes would be performed. If
after those final strikes, still no increase in depth was
seen, the working head with that spring compression
distance, would be registered as not enough impact
with current spring compression. If the working head
showed that after 5 strikes, a penetration depth of 12
mm (penetration rate of 2.4 mm per strike) or more
was reached, no further tests with increased compres-
sion distance of the spring, were performed for that
diameter working head. This was done, as having such
a large penetration rate would not be beneficial during
actual penetration in the vertebra, were delicacy and
control is required in such a vital structure.

Taking the previous aspects into account, Figure
3.4 shows 6 different working head diameter and com-
pression distance variations. For the working heads
having a diameter of 6 mm and the spring compressed
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Figure 3.4: Standard deviation of penetration rate [mm/strike] of tip variations at different spring compression distances, with the cross
being the mean and the horizontal line being the median, found in the coloured bars. Figure 3.2 presents the tip variation numbering.

Figure 3.5: Indentation of the working heads, without further pene-
tration into the polyurethane foam block.

to 20 mm, tip variation 3, 6 and 7 were excluded as they
did not show relevant penetration depth. All working
head diameter variations showed relevant penetration
depth at an initial spring compression and exceeded
the maximum relevant penetration depth after just an
increase of 5 mm from the initial spring compression.
For this reason, the graph presents six different work-
ing head and spring compression distance variations.

The impulse, the working heads generated on the
target tissue, was measured as well with the loadcell.
The loadcell data was analysed with MATLAB. With
Equation 3.4, the measured mean impulse with stan-
dard deviation was found. This impulse is shown and
compared with the theoretical impulse, that those
same tip variations with the same compression dis-

tances of the spring would give, in Table 3.1. The table
also shows the impulse that was measured when no
target tissue was present, where the working head hit
a metal screw attached to the loadcell directly. Figure
3.6 presents a comparison between the two variations
of measured impulse, one with the target tissue and
the other without.

3.4. Discussion: Repeated impact
3.4.1. Main findings
The feasibility of the penetration by repeated impact
on polyurethane foam has been proven by this ex-

Figure 3.6: Comparison of the impulse of tip variation 7 with a
diameter of 6 mm, striking loadcell with the target tissue (orange)
and without the target tissue (blue). Figure 3.2 presents the tip
variation numbering.
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2* Impulse at different compression lengths [Ns]
Theoretical Measured

Tip diamter [mm] 10 15 20 25 30 10 15 20 25 30
4 mm 0.0707 0.1015 0.1317 0.1615 0.1910 0.087 ± 0.0105 0.08955 ± 0.145
6 mm 0.077 0.1102 0.1428 0.1749 0.2067 0.09465 ± 0.0247 0.1324 ± 0.0247
6 mm* 0.077 0.1102 0.1428 0.1749 0.2067 0.0671 ± 0.011 0.0967 ± 0.020 0.1417 ± 0.020 0.1739 ± 0.034 0.2136 ± 0.014
8 mm 0.899 0.1281 0.1654 0.2023 0.2387 01735 ± 0.0311 0.1948 ± 0.0076

Table 3.1: Overview of experimental results for the theoretical impulse and the impulse measured by the loadcell for the different tests.
The values are indicated as mean ± standard deviation (n=7). * impulse values for the 6 mm diameter working head striking the loadcell
without the polyurethane foam block sample.

periment. It is possible to penetrate a block of poly-
urethane foam, representing cancellous bone, with all
the different working head variations. The accuracy
of the penetration rate, however, has shown to have a
rather large range, as can be seen in Figure 3.4. This
is most likely due to the inhomogeneity of the poly-
urethane foam, causing different penetration depths
after each strike. This same figure also shows that, just
like in the working head compression experiment (Ap-
pendix B), that Tip 1 and 4 perform the best. For each
diameter and compression distance of the spring, they
have the largest penetration rate, with Tip 4 perform-
ing slightly better than Tip 1. It can also be noted that
for the 4 mm tip variations, not a lot of difference in
the penetration rate between the seven variations was
observed. This is probably caused by the diameter of
the working head being very slim by itself, resembling
almost a point already.

The phenomena of the material accumulating in
front of the more blunt tips, as was observed in the
working head compression test (Appendix B), was
found in this experiment as well. Figure 3.7 shows
holes formed by the same working head diameter. The
larger holes are formed by the more blunt tip varia-
tions, and the smaller ones are formed by the pointier.
It can be observed that the blunt tip variation pushes
the material in front of it, whilst the pointier variations
pushes it to the side, hence, the slightly smaller hole.
This all proves that having a sharper tip, is more ben-
eficial when using an impact method to penetrate a

Figure 3.7: Block of polyurethane foam with penetration holes gen-
erated by different tip variations, with a 6 mm diameter, striking the
material, with blue) tip variation 1, orange) tip variation 6, green)
tip variation 7, and red) tip variation 4. Figure 3.2 presents the tip
variation numbering.

material like polyurethane foam, and so also, most
likely be more efficient when penetrating actual can-
cellous bone.

When examining the impulses (Table 3.1), it is
clear that the measured impulses are lower than the
theoretical impulses. This is logical, as the system,
whilst performing the impact, experiences multiple
losses in the form of friction between moving parts
and air, possible heat losses, and losses caused by
damping of the impact by the material. This can be
observed as in Table 3.1, the impulse measured while
striking the loadcell without the target tissue showed
a higher output than striking the loadcell with the tar-
get tissue on it. The measured values for the output
impulses measured without a sample gave an almost
identical value to the theoretical impulses. For the
measurements of the impulse with the sample, the
values were slightly lower than the theoretical ones.
This is most likely caused by the damping effect of
the polyurethane foam, which is not present at the
measurement without the sample.

The hypothesis mentioned earlier in Section 3.1,
stating that performing the repeated impact method
with single manual impacts, with multiple seconds
between each strike, would have no consequence on
the end results found, then if these same impacts were
performed at a rate of 10 Hz, has been proven true.
Figure 3.6, shows that after a single strike, the block
of polyurethane foam only takes around 0.0125 sec-
onds to return to its rest state, as can be observed by
the force over time curve returning to a stable line
around zero Newton after the mentioned time period.
This means that scaling the frequency of impacts to
a frequency of 10 Hz will have no effect on the pen-
etration rate of the working heads. This means that
higher frequency impacts can be tested by performing
single strikes over a longer period, which makes exper-
imentation with this method have less complications,
which could possibly result in better data.

3.4.2. Limitations
Due to the inhomogeneity of the polyurethane foam,
less accurate measurements were found, as there was
a large range of penetration rates for each working
head variation. This is, however, a problem that will
also be experienced when eventually, real human can-
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cellous bone is utilized. The inhomogeneity is greater
in human cancellous bone than that of polyurethane
foam. Real bone has a unique internal viscoelastic and
architecture properties, whilst polyurethane foam is
more consistent in shape, size and density [58]. Fur-
thermore, the polyurethane foam used for these ex-
periments had a lower compressive strength than that
of real cancellous bone, as mentioned in Appendix A.
However, due to its similar mechanical behaviour and
the enormous amounts of samples needed to perform
all the tests, the current polyurethane foam was a good
alternative. It allowed for easy sample fabrication and
was cheap to use at large scale. It must be noted that,
if this method will be utilized on actual cancellous
bone, higher impulses must be performed in order to
penetrate the cancellous bone at the same rate.

3.5. Final method choice
For further research, continuation of the repeated im-
pact method has been chosen. Reason for this is that,
with relative small input forces, penetration through
target tissue can be performed, as has been proven by
the impact experiment. For the continuation of this
thesis, Tip 4 will be utilized. It has proven, in both the
impact experiment and the working head compres-
sion experiment (Appendix B), to be the most efficient
and effective working head tip. It had the relative best
penetration rate, compared to other tip variations, for
every tip diameter and compression distance of the
spring. The additional perk of pushing the resected
material to the side, instead of accumulating it in front
of the tip adds to the effectiveness of this tip.

Tip 1, performed almost as well, but the choice was
made for Tip 4. This was because having a sharp tip
might lead to detrimental complications when work-
ing in the vertebra. If by accident the spinal column
would be pierced by the sharp tip, which character-
izes Tip 1, during operation, Tip 1 might cause more
harm to the patient then Tip 4, as Tip 4 has a more
rounded tip, which might be less damaging if it comes
in contact with nerves. Sharper objects could cause
rupture of the nerves, whereas, a more blunt object
could avoid that, as the area pressure of blunt object
is smaller than that of sharper objects.

As the polyurethane foam used in this experiment
had a lower compressive strength than cancellous
bone in the vertebra, as earlier mentioned, a final im-
pact test will be performed on a new sample of poly-
urethane foam, in the range of actual cancellous bone.
The results of these tests will decide the parameters
that will be used for designing the actual instrument,
that can penetrate human cancellous bone with re-
peated impact. These results are found in Appendix
C.
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Instrument design

4.1. Design direction
In order to establish a new method of steerable drilling
in the vertebra, a proof of principle test must be per-
formed. This will validate if the method actually works
and if it shows promise of actual usefulness for the use
of a future surgical instrument. As the previous exper-
iment has verified, Tip 4 which has the conical shape
with a blunt tip (Figure 3.2), performed the best. This
tip variation will be utilized as tip for the working head.
It required the least amount of energy input to pene-
trate the target tissue. Furthermore, accumulation of
material in front of the tip was kept at a minimum.

To allow for an instrument that can perform steer-
able drilling, a bendable transmission part must be
utilized. This bendable part will connect the part that
will generate the impulse, to the part that will convert
the impulse to an impact on the target tissue. In the
study of Sakes et al [52], a bendable tube with liquid
is utilized to transmit a generated impulse from one
end, as a hydraulic pressure wave, to the other end
were it translates into an impact used for breaking
highly calcified occlusions in blood vessels. It is be-
lieved such a method can be utilized, as it portraits
the same capabilities that are needed for this proof
of principle test as well, with proven positive results
[52]. These results, however, were achieved by using a
thinner tube with a lower magnitude hydraulic pres-
sure wave, than is needed for the proof of principle
test being researched in this thesis. Therefore, it is still
unknown if the method will work for larger impact
situations. A detailed explanation of the theoretical
principles of this method is presented in Appendix D.

The parameters of the proof of principle will con-
form to the requirements of performing spinal drilling
in the thoracic vertebra. The thoracic vertebra has
been chosen as it requires a much lower margin of
error than the lumbar spine, due to the pedicle shape.
The lumbar spine has pedicles that are thicker and the
trajectories that need to be drilled tend to not skirt
important neural or vascular structures. Therefore,
drilling through the lumbar vertebrae is less compli-
cated [59]. The thoracic spine, on the other hand, has a

smaller error margin, as errant screws can more easily
injure the spinal cord or other close by vital structures,
which are more present around the thoracic spine [59].
Next to this, the thoracic vertebrae tends to be more
anatomically varied, more variation in shape, than
their lumbar counterparts [59]. For these reasons, it is
believed that having a steerable drill is more beneficial
in the thoracic vertebrae than in the lumbar vertebrae.
Therefore, the focus of this proof of principle will be
on the thoracic vertebrae.

The average pedicle screw size in the thoracic ver-
tebrae is 4.0 mm to 4.5 mm [57]. As testing was al-
ready performed with the 4 mm diameter working
head, continuation of the tests will be performed with
that working head diameter. This will allow for a 4 mm
diameter wide hole to be formed. The probable point
of entry into the vertebra will be located at the poste-
rior entry point of the pedicle, as seen in Figure 4.1.
In the paper of Roop et al [60], it is found that the dis-

Figure 4.1: Representation of a thoracic vertebra showing, in yellow)
the posterior entry point of the pedicle, in red) the anterior vertebral
cortex, in purple) the spinal cord, in blue) the pedicles, and in
brown) the cancellous bone of the vertebra.
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tance from that point to the anterior vertebral cortex
for the largest thoracic vertebra, T12, is 22 mm. There-
fore, a length of 40 mm is chosen for the bendable part
that will enter the target tissue to perform the drilling.
This distance is believed to allow for sufficient pen-
etration depth capabilities taking into account that
curved holes will be formed.

The goal of this experiment will be to create a
proof-of-principle in the form of a prototype instru-
ment that will validate that it is possible to penetrate a
cancellous bone substitute through repeated impact
with a transmission part that can bend. This will prove
whether it is possible to utilize this method for a future
instrument that can penetrate the cancellous bone of
the thoracic vertebra through repeated impact form-
ing curved holes. Future research can then be per-
formed on adding additional steering mechanisms,
automated higher frequency impulse generation and
a guidance system. Combining everything will result
into a new way of performing steerable drilling in
the thoracic vertebra to allow for new state-of-the-art
curved spinal screws, that could enable a higher hold-
ing strength. Next to that, it will allow for a safer way
to penetrate the vertebra, as the penetration direction
can be altered during operation, which is much harder
with a drill that can only penetrate in a straight path.

The general form of the instrument will consist
of three parts, which combined will perform the re-
quired function, as seen in Figure 4.2. The first, is the
transmitting part of the drill, which the pressure wave
(impulse) will travel through to activate the working
head. The second, consists of the working head of
the drill, which is the part that gets activated by the
pressure wave in order to drill the bone. Lastly, is the
impulse generator. This part will generate the impulse
input, the impact, which will be translated through
the transmission medium to the working head.

4.2. Design requirements
Transmitting part
The requirements consist of the three main parts, which
correspond to the marked sections in Figure 4.2. The
transmitting part allows a liquid medium to be sus-
tained in it. As explained in the previous section, it
will have the shape of a tube. The material of this part
must have certain characteristics in order to allow for
a hydraulic pressure wave to travel through it. For this
to happen the tube must be able to:

1. Not expand: If it were to expand, it might dam-
age the surrounding area, by building up pres-
sure in the radial direction. This might alter
the diameter of the hole that is being generated,
by the tube expanding outward compressing
the cancellous bone, which will cause problems
with screw placement. Next tot this, expanding

the tube in the radial direction will decrease the
output delivered to the working head, as energy
gets lost by expanding the tube. This will make
the process less efficient.

2. Transition the impulse through the tube with
minimal friction: Friction will result into a de-
crease of the impulse, as stated by Sakes et al
[52]. More energy is needed to reach the desired
output. Friction can be caused by the inner wall
of the tube having a rough surface which slows
the flow of liquid near the surface of the tube,
taking energy away from the hydraulic pressure
wave.

3. Be bendable: The tube must present bending
capabilities in both directions on a xy-plane,
without requiring much force to bend the part.
This is required to make the instrument have
multiple options in steering, when drilling a
curved hole in the target tissue. A curve of 90
degrees over the entire tube would be sufficient
in proving operation under bended conditions.

4. Have a maximum diameter of 4 mm: Spinal fu-
sion surgery allows for a certain range of diam-
eter of the tube to perform the surgery in the
previous section it has been decided that the
hole that will be drilled will be 4 mm. For this
reason, a tube larger than 4 mm will not be ef-
fective.

5. Have a minimum length of 40 mm: A certain
minimum depth is needed to allow for a success-
ful anchoring of a pedicle screw. In the previous
section, it has been decided that the instrument
must allow for a minimum depth of 40 mm to
be reached inside the vertebra to allow for a suf-
ficient depth for a pedicle screw to be placed.

6. Have a minimum inner diameter between 2
mm and 3 mm: To allow the hydraulic pressure
wave, with sufficient impulse, to travel through
the tube, a certain inner diameter is needed to
transmit the impulse most efficiently. Due to
the no-slip boundary condition, friction formed
between the fluid and the solid tube wall causes
the fluid to come to rest at the boundary. This is
because all surfaces are rough when examining
them on a microscopic level [61]. This decreases
efficiency in translating the impulse through the
tube. Sakes et al [52] finds that this effect is espe-
cially large in a smaller diameter tube were the
boundary layer between the fluid and the tube
is relatively larger than if a larger inner diameter
was used. Next to this, a thinner outer wall will
allow for better bendability of the tube, which
will enhance the steerability of the instrument.
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Figure 4.2: General solution direction representation of the proof of principle design with A) the impulse generation part, B) the bendable
pressure wave transmission part, and C) the output impact working head part.

A larger inner diameter allows for additional sen-
sors and a steering mechanism to be inserted
through the tube as well in possible future ver-
sions of the instrument. It must, however, be
noted that having a too large inner diameter will
decrease the compression strength of the tube,
which might cause compression at the end of
the tube. This can be caused by the working
head striking the target tissue, or buckling of the
tube caused by the operator applying pressure
on the instrument. Both points are explained
further in the following points. As there are a
lot of factors that come in to play for deciding
which inner diameter would be most beneficial,
a choice is made to have the inner diameter be-
tween 2 mm to 3 mm, as a larger inner diameter
is most likely better than a smaller one.

7. Have resistance to buckling: The tube must
not buckle in any way. This might be caused
by recoil from the impulse, or pressure caused
by the operator pushing the instrument. For this
reason a certain stiffness is required. Buckling
will most likely only occur outside the hole that
will be drilled, as inside, the tube will not buckle
as it is in contact with the inner wall of the hole,
formed in the vertebra, on all sides.

8. Resistance to compression: Striking the target
tissue with the required impulse causes a lot
of recoil. Therefore, the tube must have high
compression strength. If it does not, the work-
ing head would just push of the target tissue
and compress the tube instead of penetrating
the target tissue. Less compression strength will
therefore dampen the impact the working head
will produce.

9. Allow integration of the working head: A work-
ing head with its mechanics must be able to be

integrated with the tube.

10. Have minimal fluid leakage: Leaking fluid might
cause complications if the fluid that will be uti-
lized for the instrument causes harmful effects
on the human tissue. Next to that, leaking fluid
will cause malfunction of the device, as the im-
pulse might not be able to be transmitted effi-
ciently anymore through the tube. Therefore
a constant fluid pressure and volume must be
sustained whilst leaking harmless fluid or no
fluid must be leaked at all when utilizing the
instrument.

Working head
This part will have the end effector of the drill which
will be able to drill the bone with the use of the im-
pulses generated by the hydraulic pressure waves. The
working head must be able to:

1. Be activated by the hydraulic pressure wave:
The pressure wave, traveling through the trans-
mitting part, must activate the working head
so it can perform its output of penetrating the
target tissue through repeated impact.

2. Be hard, durable, enough to not break when
it is drilling the target tissue: The instrument
must be utilized at least a few hundred times to
undergo thorough testing of its capabilities. For
this reason the working head must be durable.

3. Create only the desired path through the bone
and keep damage to the surrounding area at a
minimum: The working head must not cause
any other damage to the surrounding tissue,
while penetrating the target tissue. If it does,
it will have negative consequences on the recov-
ery of the patient or the screw placement, after
a hole has been formed.
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4. Drill a hole with a diameter of 4 mm: The work-
ing head must be capable of drilling a hole with
a diameter of 4 mm, as stated earlier. For the
desired operation a hole of 4 mm is required.

5. Have a travel distance between 1 mm to 2 mm:
The working head, when receiving the impulse
must perform a travel distance between 1 mm
to 2 mm. This distance is chosen to allow for
visible confirmation that the working head re-
ceives the impulse and performs the impact.
Next to this, in the paper by Sakes et al [52] it is
found that a larger travel distance results into
higher peak forces. This might be beneficial in
order to penetrate the target tissue with more
efficiency. This travel distance is chosen for the
proof of principle application, but in reality, the
method will require the operator to apply a cer-
tain force on the instrument. This causes the
working head to be always in contact with the
end of the hole, resulting in a travel distance of
0 mm.

Impulse generator
This part must generate the required impulse that will
be transmitted through the tube towards the working
head to activate it and allow for the required impulses
to be applied on the target tissue. To achieve this, the
impulse generator part must be able to:

1. Generate an impulse of at least 0.2 Ns: This
part must be able to generate an impulse of at
least 0.198 ± 0.022 in order to achieve a pene-
tration rate of almost 1 mm per strike, as was
found in Appendix C. This penetration rate has
been chosen to be the benchmark rate. If the in-
strument can achieve this high penetration rate,
it will prove its viability as a method for drilling
into the vertebra. In reality a much lower pene-
tration rate will be utilized as the previous men-
tioned rate will be too fast for a controlled and
delicate operation on the vertebra.

2. Must have a variable impulse input: The input
impulse must be variable, in order to allow for
different testing to see what is most efficient for
drilling.

4.3. Mechanism analysis
Transmitting part
The transmitting part or tube will be used to trans-
port the impulse generated in the impulse generator
in the handpiece to the working head in the form of
a hydraulic pressure wave. This must be done as effi-
ciently as possible, as losing to much impulse might
make the device not operatable. To select the right
tube, with the capabilities of translating the required

impulse through it, whilst allowing for bendability and
without causing complications, a good combination
of strength and bendability must be selected.

The inside and outside of the tube must be smooth
to minimize friction for both the impulse traveling
through the tube and the tube traveling through the
bone. The tube must also be strong enough to with-
stand the pushback from the working head striking
the target tissue. The tube must not compress, as that
would dampen the impact, which might cause fail-
ure for the working head to penetrate the target tissue.
Next to this, the tube must not plastically deform. This
will generate unevenness in the tube which might de-
crease the efficiency of the impulse, due to an increase
in friction for the traveling impulse. The material the
tube consists of must not be harmful for the human
body, although this point has lower importance, as the
instrument, that will be designed, is just a proof-of-
principle for a possible later actual device and will not
be used on real human tissue.

To select a strong enough tube, Barlow’s formula
can be utilized (Equation 4.1). It is used to determine
the bursting pressure of the tube, P [MPa].

P = 2∗S ∗T

O.D.
(4.1)

With S being the ultimate tensile strength [MPa], T,
the tube wall thickness [m], and O.D., the outer di-
ameter of the tube [m]. When performing the impact
drilling, the part of the tube that is outside the formed
hole is prone to buckling as the operator must apply
a certain pressure on the instrument. This must be
done, otherwise the instrument will push off from the
target tissue every time an impact is formed. This is
disadvantageous as no drilling can be performed in
this case. Therefore, initial pressure applied by the
operator must be applied. To combat the buckling of
the tube, a telescope or sleeve, that fits exactly around
the tube with high strength and bending resistance,
can be applied. This sleeve reaches from the hand-
piece all the way to the entry point of the formed hole.
This sleeve will retract the further the tube enters into
the formed hole. Through this application the tube
can be retained from buckling and therefore minimize
impulse loss.

Choosing a suitable tube will rely on a combina-
tion of the previous mentioned aspects. For this proof-
of-principle no other possibilities of steerable parts
that could translate an impulse through its system is
regarded, as this is the method of impulse translation
that this experiment is trying to prove. All tube pos-
sibilities will have the same general shape, a circular
form with a certain inner and outer diameter, and a
certain length. Variance in selecting the right impulse
translating part will only be done through choosing
between different materials and inner diameter sizes.
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Working head
The working head end will resemble a kind of coni-
cal shape with a blunt tip. The maximum diameter
of the working head will be 4 mm. The working head
will translate the impulse received through the tube
to an impact on the target tissue. Next to this, it must
be strong enough to withstand the repeated impacts
it will receive, both from the liquid impulse that ac-
tivates it and the impact with the target tissue. The
working head will travel a certain distance when it is
activated before it strikes its target. After this, the work-
ing head must return to its initial position rapidly, in
order for the next impulse that will activate it. Besides
this, it must be tightly integrated into the end of the
tube to minimize leakage. Every part must have an ex-
act fitting and refrain from plastic deformation. Plastic
deformation causes parts to jam or rub against each
other, which will drastically decrease the efficiency of
the device.

Besides the tip shape of the working head, which
has already been explained, there are a few options
the design of the working head can have, as seen in
Figure 4.3. Figure 4.3A shows a mechanism that uses
a compression spring. When the working head gets
activated, the spring gets compressed. After the ini-
tial impulse has diminished, the spring will push the
working head back to its initial position. Figure 4.3B
shows the same concept but then with the use of mag-
nets. After activation of the working head, the working
head will be pushed back to its initial position by the
two magnetic rings due to the same polar sides facing
each other. Figure 4.3C shows the last possibility. This
option uses vacuum or pressure difference to return
the working head to its initial state after the impulse
has passed. The idea is that after the initial impulse
has receded the inside volume of the tube is increased
resulting in the outside pressure being higher than the
inside pressure of the tube. This causes the working
head to be pushed back into the tube to return the
inside of the tube to its initial volume.

The challenges of fabricating the working head
will lie in the exact dimensions of every part. Every
part has to fit exactly in order for no jamming to occur.
This will require very precise fabrication. Especially
for the last method which uses the pressure difference.
The whole system must be airtight in order for it to
work, otherwise air will be sucked in through gaps be-
tween the parts, due to the pressure difference inside
and outside the tube, with a result that the working
head will not return to its initial position. However, it
does have the smallest working head length. This is
beneficial in the case that the tube is curved. Having a
smaller length allows for a larger curve, which will im-
prove the eventual steerability application for a device
that might utilize this method. This is because when
the tube is curved the working head will push against

the inside of the tube as the working head does not
curve with the tube. For a larger length of the working
head, this will happen more quickly when the tube
curves. That is why having a as small as possible work-
ing head length is the most beneficial when applying
this method to curved drilling.

It is believed the first option using the compres-
sion springs will have the largest length of the working
head. This will be a downside to this option. How-
ever, this option is, most likely, the easiest to fabricate,
as it can be fabricated with a little less precision and
the parts are easily obtained. For the second option
this might be a problem, as obtaining ring magnets
having the exact size that is required for the fabrica-
tion is quite challenging. Next to this, a non-magnetic
material must be used as working head. Otherwise,
friction can occur between the working head and the
rings which will decrease the efficiency of the device.
Besides this, using magnetic devices in the body can
call for complications as the devices can for instance
interfere with a pacemaker, which can have negative
consequences. It is believed the second option will
have a length that is in between the first and the third
option.

Impulse generator
The impulse generator will produce the required im-
pulse that will be translated through the tube and
will activate the working head to perform the impact.
To find the right amount of impact needed to effi-
ciently penetrate the target tissue, the impulse gener-
ator must have an option to alter the impulse magni-
tude. The impulse generator must connect with an
exact fit to the tube, to minimize leakage of the system.
There are multiple options for the mechanism that
can be used in the impulse generation part. The first
option utilizes a solenoid. This device can generate
a highspeed impulse with a variable impulse magni-
tude. This solenoid could for instance strike a piston,
pushing it forward, that is partly in the tube which will
generate the impulse that will travel through the liquid
of the tube. It must be noted that a return mechanism
of this piston must also be designed. The second op-
tion uses a compression spring. This spring can be
compressed at various distances to allow for a variable
impulse. This method resembles the instrument used
for testing the different kind of tip variances described
in the previous chapter, Chapter 3. The third option
works by using a pressure difference. By enlarging the
volume in an airtight cylinder, pressure will decrease.
If this enlarging mechanism is than released, it will
shoot back to its original volume due to pressure dif-
ferences outside and inside the mechanism. This can
be used to create some kind of striking mechanism,
that can generate the required impulse. The fourth op-
tion uses electrohydraulic shockwave to produce the
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Figure 4.3: Three different options for the initial position return mechanism in three different stages. The first stage shows an incoming
impulse, stage two shows the moment of impact of the impulse and the working head shooting forward (to the left of the figure), and the
last stage shows return to the initial position with the impulse having receded. The different options show A) using a compression spring,
B) using same polar side magnets facing each other, and C) using pressure difference to return the working head to its initial position.

impulse. This method has been analysed in Section
2.4.4. It produces a hydraulic shockwave with the use
of a spark generator. This shockwave will become the
impulse that will travel through the tube to activate
the working head. The last option uses compressed
gas. Compressed gas can be released in a chamber,
which causes a rapid expansion of that chamber. This
can activate, for instance, the earlier mentioned piston
in the tube to generate an impulse.

4.4. Mechanism selection
Transmitting part
The choice for the impulse translation is by using a
circular tube. This tube will have a burst resistance
of at least 5 bar to allow for the right impulse to be
transmitted through the tube without damaging or de-
forming it. This minimum burst pressure is selected,
because of the earlier experiments done that analysed
the impact of different magnitude impulses on a piece
of cancellous bone replica. The pressure such impacts,
as seen in Appendix C, will generate are far below the
minimum burst pressure chosen. Next to this, an in-
ner diameter of 2.5 mm is desired, as it is believed such
an inner diameter will allow for a sufficient size for an
impulse input mechanism at the proximal end of the
tube. Besides this, it will also allow for an impulse out-
put mechanism to be installed at the distal end of the
tube, which would more easily break if it were smaller
due to the high impulse magnitude it receives. These
impulse input and output mechanisms translate the
impulse generated by the impulse generator to the
tube at the proximal end, which transmits the impulse
to the distal end of the tube through a hydraulic pres-
sure wave, were the impulse translates to an impact
formed by the working head on the target tissue, as
seen in Figure 4.4. Having a 2.5 mm inner diameter
will allow for enough size to fabricate these mecha-
nisms so they work properly and do not break after a
couple of tests. The tube must also allow for at least

Figure 4.4: Representation of the tube with on the left the impulse
input (green) and on the right the impulse output (orange). The
impulse input will receive the impulse from the impulse generator
and translate it to an impulse that will be transmitted through the
tube, in the form of a hydraulic pressure wave, towards the impulse
output, which will translate the impulse to an impact on the target
tissue.

a 90 degrees bend over the entire length of the tube.
Such a bend will be sufficient in proving operation of
the instrument under bended conditions. The outer
diameter will remain 4.0 mm, as has been stated by
the requirements.

Working head
For the working head, the compression spring mecha-
nism has been chosen. This mechanism was chosen
because it was the least complicated to fabricate and
the parts needed were easily obtainable. For the mag-
netic working head option, the ring magnet sizes that
were required were very hard to obtain. Next to this,
the working head itself would bring extra complica-
tions with it, as it needed to be non-magnetic, yet ex-
tremely strong because of its small size. The vacuum
option seemed difficult as well. This was because a rel-
ative large magnitude impulse would be used. Having
a system that would seal of every possible gap, would
most likely require a lot of force to remain together
and not let any liquid or air escape out of the system.
This will most likely increase friction in between the
parts, which would decrease the efficiency of the de-
vice.

The compression spring method will work in a
way that it will receive the impulse that is transmitted
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through the tube. This impulse will contact the proxi-
mal part of the working head, which will fully capture
the impulse. The working head will shoot forward
through the tube, were the end of the working head,
containing the tip, will make contact with the target
tissue to deliver the impact. Through recoil and the
compression spring the working head will be pushed
back to its initial position, ready to receive a new input.
The mechanism resembles Figure 3.1.

Impulse generator
For the impulse generator, again, a compression spring
method has been selected. This method is selected
as experience has already been obtained in this me-
thod through the previous impact experiment. It has
proven to be a relatively simple and robust method for
generating an impulse. Compared to the other meth-
ods, not much complications are used with this me-
thod which would increase the chance of failure dur-
ing the experiments. Next to this, it allows for a vari-
able impulse magnitude by altering the compression
distance of the spring. Different springs can also be
inserted, which allows for a whole range of impulses
to be tested with relative ease compared to the other
methods. The parts are also easily obtainable and rel-
atively cheap. This is in contrast with the solenoid.
Obtaining a solenoid which has the right parameters,
impulse, size and frequency, has been found to be very
expensive. However, in a future instrument, using a
solenoid would be the better option. It can deliver
high frequency high magnitude impulses, which even-
tually would be needed if this method will be utilized
for an actual device used for drilling in the vertebra.
Besides that, it removes the manual activation of the
impulse and automates it. But, for a proof of principle,
using such a solenoid would not be necessary.

The pressure difference method, again, seemed
more complicated than the compression spring sys-
tem. Parameters and experience with this method
were also unknown, as no use was made of this me-
thod during this thesis. For this reason no contin-
uation was done with this method. The same was
the case with the electrohydraulic shockwave. Un-
certainty of it actually working and finding the right
parameters to generate the right impulse would be
another study on its own, which timewise would not
be beneficial for this thesis. However, it is still be-
lieved this method might show interesting results, as
the spark generator could be inserted all the way at
the distal end of the tube, removing the part were the
shockwave has to travel through the tube, as has been
hypothesized in Section 2.4.4. The compressed air
method could be utilized, but performing a lot of dif-
ferent tests would require a lot of compressed air. This
might not be extremely useful compared to the com-
pression spring which does not require an additional

exhaustible input. For these reasons continuation of
the proof of principle design will be performed with
the compression spring mechanism.

4.5. Final design
4.5.1. Operational steps
Figure 4.5 shows the 2D concept of the proof of prin-
ciple device in four different states. This system con-
tains an impulse generator, a tube for transmitting
the generated impulse and a working head that will
translate the impulse received through the liquid of
the tube, to an impact that will strike the target tissue.
State A represents the rest state of the instrument. By
applying a pulling force on the handle mechanism on
the left side of the figure, the compression spring can
be compressed over a certain distance depending on
the pullback distance of the operator. The distance
will be measurable to allow for a variable magnitude
input of the impulse that will be generated, as seen in
State B.

State C showcases the state were the pullback mech-
anism is released by the operator, the middle beam,
which is connected to the spring, will shoot back in
the opposite direction, due to build up of the spring
energy. This part will strike a piston which is partly
inserted into the tube, indicated by State D. This pis-
ton will receive the impulse and shoot forward. As
part of the piston is in the tube, it will push the liq-
uid inside the tube forward (to the right side of the
figure), forming a hydraulic pressure wave. This hy-
draulic pressure wave will travel through the tube till
it reaches the proximal end of the working head at the
distal end of the tube. The hydraulic pressure wave
will form an impact with the working head. The work-
ing head will shoot forward as well (to the right side
of the figure), till it strikes the target tissue, in order to
break the tissue down.

After the impulse has travelled through the sys-
tem, all parts will return to their initial position due to
spring placement, pushing the parts back, till State A
is once again achieved. Furthermore, the tube will
be able to bend in all directions for at least 90 de-
grees. With this concept, the proof of principle could
be achieved that will prove the possibility of using
the method of hydraulic shockwaves, in order to drill
through cancellous bone with the application of po-
tential steerability. The 2D concept will be actualized
into a 3D model, which will then be fabricated. The
three segments of the concept will be discussed indi-
vidually in the following sections.

4.5.2. Segment design
Transmitting part
For the design of the transmitting part a circular tube
has been selected. This circular shape has been cho-
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Figure 4.5: 2D concept of the proof of principle instrument, in four different states, used to test the method of steerable drilling with the
use of repeated impact. (A) The initial position of the instrument. (B) Compressing the spring through pulling back the handle with a
force, F, over a distance, s. This will allow for a variable magnitude of the impulse to be generated. The amount of distance the spring is
compressed will determine the impulse the device will generate. (C) Release of the pullback mechanism will cause it to shoot forward, till
contact occurs with the piston. This piston is located partly in the tube and can be activated by striking the piston head (most left part
of the piston). (D) The piston is activated by the strike and shoots forward, pushing the liquid inside the tube. This forms a hydraulic
pressure wave, which travels all the way through the tube towards the distal end of the tube activating the working head. The working
head will receive the hydraulic pressure wave on the proximal end of the working head. This will cause the working head to shoot forward
rapidly till it will strike the target tissue. After the impact is performed the device returns to its initial position represented by situation A.

sen, as it is the most efficient shape. This is because
it has the lowest volume to surface area ratio, which
is beneficial for translating a hydraulic pressure wave
through the tube, as is found in Appendix D. The rea-
son for this has to do with friction loss between the
inner wall of the tube and the transmission liquid in
the tube. Decreasing the friction loss, will increase the
efficiency of the translation of the hydraulic pressure
wave through the tube. Appendix D also shows that
having a larger inner diameter is beneficial, because it
increases the volume to surface area ratio of the tube.
The 3D design and visualisation of the linear tube with
a certain inner and outer diameter speaks rather for
itself and does not require anymore thorough expla-
nation. The fabrication and characteristics of the tube
do require some explanation, and are found in the
Section 4.5.3.

Working head
Figure 4.6 shows a 3D visualisation of the exploded
view, and the side view of the initial position and ac-
tivated position of the working head. With Part (a)

being the piston, which will be fully inserted into the
tube at the distal end of the tube. The segment with
the larger diameter is the proximal side of the work-
ing head (seen on the left of Figure 4.6). This will re-
ceive the hydraulic pressure wave that is transmitted
through the tube, shooting the entire working head
forward in the distal direction. The impulse receiv-
ing part will have a diameter around -0.1 mm of the
tube’s inner diameter, in order to fully receive the im-
pulse, whilst still move forward without too much fric-
tion. The smaller diameter part of the piston allows
for placement of the compression spring, Part (b). The
compression spring will fit exactly around the piston,
with an outer diameter smaller than the inner diam-
eter of the tube. This part will compress against the
stop, Part (c), if the working head is activated. The
stop is fixed at the distal end of the tube, enclosing
the tube. The centre hole through the part allows for
only the piston to slide through it. Part (d), is the tip
of the working head. This part will strike the target
tissue. It can be fixated to the distal end of the piston,
Part (a), through a threaded section. The entire mech-
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Figure 4.6: Exploded view (top) of the working head, with the initial position (bottom left) and activated position (bottom right). The
proximal side is to the right of the mechanism, the distal end to the left of the mechanism, with a) The piston, which will receive the
hydraulic pressure wave at the proximal end, b) the compression spring, c) the stop, which will withhold the working head from shooting
out of the tube, and d) the tip, which will strike the target tissue.

anism was constructed in this way to fit precisely in
the tube. A minimal amount of parts were utilized
in order to keep fabrication time to a minimum and
with less complications, less unwanted situations can
occur.

Impulse generator
The impulse generator is divided into two segments.
The first segment is the part were the operator can
generate a variable impulse, as seen in Figure 4.7. The
second segment will translate the impulse into the
tube, as seen in Figure 4.8, but this will be discussed
later in this section. The first segment contains a com-
pression spring placed around a beam, located in a
protective housing. This beam also connects to a han-
dle that is used to compress the spring over a certain
distance, by pulling it. The handle is connected via
a threaded section to the beam. By rotating the han-
dle, Part (a), clockwise or counterclockwise, the beam,
Part (e), will be inserted respectively more or less into
the handle, depending on the direction of rotation of
the handle. This allows for adjustment of the pullback

distance of the compression spring.

The handle has a stop (Part (c)) on the end of
the handle, which will prevent the handle from be-
ing pulled further than a certain distance, by coming
into contact with the housing. Depending on how far
the handle is rotated along the thread of the beam,
will determine how fast the stop will come into con-
tact with the protective housing and prevent further
pullback of the handle. For instance, a handle rotated
further along the thread of the beam will allow for a
further pullback distance till the stop comes into con-
tact with the protective housing, resulting in a larger
compression distance of the spring. If the handle is
released the entire system in the protective housing
will shoot forward due to the spring energy being re-
leased. The beam will strike a piston located in the
second segment.

The second segment is the impulse translation
part, which translates the impulse, generated by the
compression spring, to the tube, as seen in Figure 4.8.
It does this by receiving the impulse from the beam
of the first segment, which will strike the piston in the
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Figure 4.7: 3D visualisation (middle), side view (bottom left) and section view (top right) of the first segment of the impulse generator, were
the operator can generate a variable impulse by pulling the handle, with a) the handle, used for pulling back the mechanism resulting in
compression of the spring, b) the stop, which prevents further pullback after a certain distance, c) the protective housing of the mechanism,
d) the compression spring, which will produce the impulse by being compressed and then released e) the beam, connected to the spring
and the handle, which will strike the piston located in the second segment. The beam can be rotated into the handle, to alter the pullback
distance of the mechanism.

Figure 4.8: 3D-visualisation (left) and an x-ray visualisation (right) of the second segment of the impulse generation part, which will
translate the impulse generated in the first segment to the tube, with a) the piston, which will receive the impulse from the beam of the
first segment and translate it to the tube to form a hydraulic pressure wave, b) the Luer-Lock, which will allow for a liquid supply to be
attached, which will allow for additional liquid to be added to the tube, in order to keep the right volume and pressure, and c) the front
insert, which will connect the tube to the impulse generator part.

second segment. This piston is partly located inside
the tube. So if the piston gets shot forward, due to the
impulse, the piston will generate a hydraulic pressure

wave inside the tube, by a sudden pressure increase
at the proximal end of the tube. This segment has
a secondary function as well. It connects the liquid
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supply to the tube. The liquid supply, which will be
attached at the Luer-Lock, will be used to keep the
pressure and liquid volume constant in the tube. This
is done to optimize the efficiency of the system and
eliminate the problem of leakage in the tube.

Figure 4.9 shows a section view of the second seg-
ment. The beam of the first segment (Figure 4.7 Part
(e)) will strike the piston, at the proximal end, in the
second segment (Figure 4.8 Part (a)). The piston reaches
all the way through the segment to the tube, which
will be inserted on the distal side of the segment (Fig-
ure 4.8 Part (c)). The piston has a compression spring
around it. This compression spring is used to return
the piston to its initial position after it has translated
the impulse to the tube. An O-ring is used to dampen
the piston, to minimize damage to the piston, and
refrain it from shooting too far forward. Another O-
ring is positioned around the piston more towards the
distal end. This O-ring is used to stop the liquid from
leaking out. This liquid comes from the liquid supply
channel. The channel transports the liquid from the
Luer-Lock, were the liquid supply is attached, towards
the tube. The tube is connected to the second seg-
ment with the use of the front insert. This front insert
has a centre hole were the tube can be glued into. The
front insert can be screwed tightly into the front of the
second segment. Furthermore, the second segment is
fixed to the first segment, with the use of three screws.

Figure 4.9: Cut-through visualisation of the second segment of the
impulse generation part, which will translate the impulse generated
in the first segment to the tube, with a) the piston, which will receive
the impulse from the beam of the first segment and translate it to
the tube to form a hydraulic pressure wave, b) the Luer-Lock, which
will allow for a liquid supply to be attached, which will allow for
additional liquid to be added to the tube, in order to keep the right
volume and pressure, and c) a hole through which water will flow
to the tube, d) the front insert, which will connect the tube to the
impulse generator part, e) a bolt, that will connect the first segment
to the second, f) an O-ring that will cushion the impact of the piston,
g) another O-ring that will stop water flowing to the left of the image,
h) a spring that will return the piston to its original position after the
impact has occurred, i) an insert that stops the O-ring from falling
out.

4.5.3. Segment fabrication & assembly
Transmitting part
For the tube that connects the impulse generator with
the working head, a 4.0 mm O.D x 2.5 mm I.D Metric
Nylon PA12 tube (Advanced Fluid Solutions, United
Kingdom) has been selected. The manufacture states
that the tube is extremely stable in high moisture envi-
ronments and has a maximum working pressure prop-
erty of 400 Psi (27.6 bar, 40 MPa), which is more than
enough as stated by the requirements section. The
total length of the tube will be 40 mm plus an addi-
tional 10 mm on both sides to allow space for the other
segments to be connected. Furthermore, the tube is
flexible enough to allow for a 90 degree over the 40
mm free section of the tube, without causing plastic
deformation. Nylon PA12 has very high compression
strength (13 MPa till 55 MPa) [62]. Because of this,
compression in the axial direction of the tube will be
highly unlikely during the experiment. Next to this,
expansion of the tube in the radial direction will also
not be likely to occur, which is beneficial as radial ex-
pansion decreases the efficiency of the transition of
the hydraulic pressure wave through the tube [52].

Possible other options of tubing were using braided
medical tubes. These tubes have a braided metal wire
structure running through the tube wall. This would
increase the burst resistance even more. However, this
seemed unnecessary, as the current tube already has
qualities sufficient enough for the experiment to be
performed. It was also unknown if the braided struc-
ture would form micro variations in wall thickness,
which would lead to a more uneven inner wall surface.
This could lead to more friction, resulting into a less
efficient transition of the hydraulic pressure wave.

The choice of liquid medium, that will allow for the
transmission of the hydraulic pressure wave through
the tube, will be a saline solution. The reason for this,
is that the instrument will most likely leak, due to the
high pressures that are created inside the instrument.
For this reason, a saline solution would be the only
safe solution, as to not harm the tissue it comes into
contact with in the case of leakage.

Working head
Figure 4.10 shows the fabricated prototype of the work-
ing head. The piston is constructed from a RVS316
beam by milling it down on a milling machine. The
larger diameter fits exactly into the tube. The smaller
diameter segment has a spring (;2.5 mm, spring con-
stant k = 1.41 N mm1) that fits exactly around it, with
the outer diameter smaller than the inner diameter
of the tube, so it does not cause friction with the in-
ner tube surface. The stop was also fabricated with
a milling machine. The stop is bronze to allow for
less friction between the piston and the stop, then if
both were to be made of RVS. The outer surface of



Figure 4.10: Fabricated end product of the proof-of-principle prototype working head part with A) an exploded view, with the components
disassembled, and B) a view of the pieces assembled.

the smaller diameter segment is glued (Cyanolit®) to
the inside of the tube at the distal end. The distal seg-
ment of the piston, containing the metric thread, is
positioned through the centre hole of the stop. This
allows for the working head tip to be screwed onto the
piston, securing the working head in place. The tip is
fabricated with RVS316 by turning it down on a lathe,
whilst the screw thread, in the centre of the tip, was
made with a milling machine.

Impact generator
Figure 4.11 shows the fabricated impact generator
part. In the first segment, the handle, the stop and
the protective housing of the mechanism are all 3D
printed with the use of digital light processing (DLP).
The machine used to print these parts is a Envision-
TEC’s Perfactory 4 Mini XL with ERM. For the handle
R5 was used, and for the stop and protective housing
EnvisionTEC R5 Gray as material, both from the com-
pany Perfactory. In the handle, an extra hole has been
drilled, whereafter a helicoil was inserted. This was
done so the beam could be attached to the handle,
allowing for alteration in the compression distance of
the spring which was been previously explained. This
beam, made of Aluminum 7075-T6 was made with a
lathe. Around the beam, a spring (;24.4 mm, spring
constant k = 0.78 N mm1) is fitted. The second seg-
ment, the housing is made of RVS316 and milled to
its current shape. The stop, that keeps the O-ring in
the middle of the part, has also been milled and press
fitted into the housing. The Luer-Lock has been fab-
ricated with Aluminum 7075-T6, as well as the front
insert. The axis of the piston has been made with ’Tam-
pon staal’ and the other part is made with RVS316. The
two pieces are brazed together. Around the piston a
spring (;3.2 mm, spring constant k = 0.62 N mm1) is
fitted.

Full assembly
The full assembly is presented in Figure 4.12. The tube,
at its distal end, has been glued to the working head,
as explained above and the proximal end of the tube
has been glued (Araldite® 2000) to the front insert
module. The front part of the impact generator has
been attached to the back part of the impact generator

with the use of three M4 screws and Helicoil inserts
in the back part of the impact generator. The springs
are still interchangable should a different spring force
range be required.
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Figure 4.11: Fabricated end product of the proof-of-principle prototype impulse generator part with A) an exploded view, with the
components disassembled, and B) a view of the pieces assembled.

Figure 4.12: Assembled end product of the proof-of-principle prototype, with on the right the working head attached to the transmitting
tube, which is connected at its proximal end to the impact generator handle, at the the left.
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5
Instrument testing

5.1. Experimental goal
The goal of this experiment with the proof-of-principle
instrument is to: 1) evaluate if the instrument actu-
ally performs the required impacts, 2) examine the
variation and efficiency in the impacts if the input im-
pulses altered, 3) examine the effect of the impacts
and potential efficiency alterations when the transmit-
ting tube is at a certain curvature, and 4) observe the
effect the impact produces on a sample of the cancel-
lous bone replica. This experiment will determine the
feasibility of this method to be used for a potential
future instrument that can penetrate the cancellous
bone of the thoracic vertebra through repeated impact
forming curved holes. An experimental facility was
developed for this purpose.

5.2. Research variables
Independent variables
Input impulse
Through the use of a compression spring and com-
pressing the spring over alternate distances, d [mm],
a range of impulses, Si n p u t [Ns], can be generated.
Through altering the input impulses the efficiency can
be evaluated, when compared to the output impulse,
and a possible optimal impulse can be found. Calcu-
lations of the theoretical impulse that will be gener-
ated can be found in Section 3.2.2. No loadcell will be
placed directly on the strike plane of the strike beam,
that is activated by the compression spring, to mea-
sure the exact input impulse. The theoretical impulse
input can be measured precisely by the magnitude of
compression of the compression spring. This theoreti-
cal impulse will then be compared with the impulse
output to measure the efficiency. The actual input
impulse will obviously not be entirely correct, but as
every test is measured this way, the measurements can
be compared relative to each other in order to find the
most efficient impulse range.

Tube curvature
In order to allow for a steerable medical drilling instru-
ment, there needs to be a part that can curve to allow

for curved holes. This application is performed by the
transmitting tube. To validate that such an application
works, the tube needs to be evaluated under certain
curvatures to see if it still translates the required im-
pulse from the impact generator, to the working head.
In order to determine the effect of curvature on en-
ergy losses of the impulse, a range of curvatures over
the entire length of the tube have been selected. This
range will be from 0 degrees, no curvature in the tube
at all, to a curvature of 90 degrees, which is believed to
be the maximum curvature need, as explained in the
requirements section. Therefore, the tube curvatures
chosen will be 0 degrees, 45 degrees and 90 degrees,
to allow for a variety of observations.

Dependent variables
Output impulse
The output impulse, So u t p u t [Ns], will be measured
by a loadcell directly in front of the strike head of the
working head. The loadcell will provide the force, F
[N], over a period of time, t [s]. With this data, the
impulse is calculated by the integral of time over the
force, given by the equation in Section 3.2.2. As pre-
viously mentioned, theoretically this should be equal
to the input impulse, but in reality this will not be the
case. There will be several losses that will decrease
the magnitude of impulse that will be measured by
the loadcell. These losses consist of friction from the
linear slider with the setup, air resistance, refraction
losses of the hydraulic shockwave in the transition
tube and potential heatloss. With the impulse output
data, the magnitude of the impulse can be compared
to the penetration rate to find the most efficient im-
pulse magnitude.

Penetration rate
The penetration rate, millimetres per strike [mm/strike],
will be found by measuring the depth of a hole, that
is formed due to a number of repetitive strikes of the
working head on a particular spot on the cancellous
bone replica sample. The depth of the hole will be
divided by the amount of strikes it took to reach that
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particular depth, which results in the average penetra-
tion depth of that particular working head.

5.3. Experimental facility
For this experiment, an experimental facility is used,
illustrated in Figure 5.1. Additional versions of the
proof-of-principle experiment are found in Appendix
E. With this setup, an impulse can be generated by
a compression spring (;24.4 mm, spring constant
k=0.78 N mm−1) over a set distance and then releas-
ing the spring to generate an impulse. The system is
designed in such a way, that if one rotates the pullback
handle 360 degrees, the pullback distance decreases
or increases by 1 millimeter, depending on the direc-
tion of rotation. The pullback distance is determined
by the difference in distance between the spring in its
rest state, and the point were the pullback stop stops
any further pullback from occurring. By altering the
compression distance different magnitudes of impact
can be performed.

The mentioned spring is chosen, as compressing
the spring over a distance of 40 millimetres would give
more than enough energy, theoretically, to perform
relevant impacts with the working head based on all
experiments done and insights gathered previously
in this thesis (Appendix C). This spring is placed on
a linear slider that can be pulled back over a set dis-
tance and then be released, in order to propel the
linear slider towards a piston that will then generate
a hydraulic pressure wave inside the tube. The lin-
ear slider could be pulled back accurately, manually
by the operator, in order to provide the right amount
of impulse. The entire instrument is mounted to a
breadboard. This is done to provide stability during
experiments and to ensure, the exact distance and
point of impact of the working head is guaranteed.

The data analysis and acquisition of the output im-
pulse is done with a data acquisition system (NI USB-
6002: 12-Bit, 10kS/s Low-Cost Multifunction DAQ)
and an analogue signal conditioner (CPJ RAIL, SCAIME,
S.N.: 001436), all connected to a loadcell ( PST, S-Type
Load Cell) with a capacity of 150 kg. The loadcell was
controlled with a software programme (NI LabVIEW
2018). The programme registered a change in force on
the loadcell and provided a data sample of the force
over time change during a 0.15 second window.

The transmitting tube is secured in place by a mod-
ule that supports the tube on all sides and bends the
tube into the desired curvature. The tube has to be
supported on all sides to decrease the refraction rate
of the hydraulic pressure wave. At the end of the tube
the working head is found. The impact of the working
head is delivered upon a loadcell, which is positioned
perpendicular to the impact direction. This way, the
entire impulse can be measured, as the working head

strikes the loadcell. When testing the penetration rate
of the working head, a module containing the can-
cellous bone replica sample is placed in front of the
working head.

It is always ensured that the tip of the working
head will always strike the target tissue with the same
travel distance, allowing for a more accurate impulse
result. Saline solution for the transmission tube is
supplied by the additional liquid injection instrument
that, connected to the Luer-Lock, can fill the entire
transmission tube with as little as possible additional
air. Additional air would make the transmission very
inefficient or disable the application all together. It
is expected that the system will leak, so the liquid in-
jection module is constantly attached, ensuring the
transmission tube has the same amount of saline so-
lution in it at all times.

5.4. Experimental protocol
Out of previous experiments with the same loadcell
with a maximum load of 150 kg, it has been established
that the loadcell can capture all the required data and
force spikes produced by the working head. As it is not
expected that higher force spikes will be measured for
this experiment, than the ones before, no initial test on
the loadcell will be performed to analyse if all extreme
data can be captured with the loadcell. A few different
tests will be performed to evaluate if this method is
viable and could potentially be used to create a new
instrument for steerable drilling in the vertebra.

The first test, will test the efficiency of the output
impacts compared to the input. This is done by secur-
ing the transmitting tube into a module that will hold
the tube straight. The loadcell will be perpendicular
to the strike direction of the working head. Different
compression distances of the compression spring will
be evaluated by steps of 5 mm, and with the captured
data from the loadcell, the optimal input/output ra-
tio will be found. For this test, it is desired to at least
reach an output impulse of 0.077 Ns. This will validate
that the method does have enough impulse to pene-
trate a replica cancellous bone sample, as is found in
Appendix C.

Having found the optimal input, the next test can
be performed. This test will test if the instrument func-
tions when the transmitting tube has a curvature. This
is done by using different modules that hold the trans-
mitting tube in different curvatures. Two curvatures,
apart from the straight one, will be tested. These are
45 and 90 degrees. This will prove that the method
works in curved circumstances as well, indicating fur-
ther validation of the proof of principle. During these
tests the loss in efficiency will be registered as well,
to see how much energy is lost when performing the
impacts in different curvatures.
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Figure 5.1: Full proof of principle experiment setup with a) the handle used to pullback and compress the compression spring, with
additional application by rotating the handle, the pullback distance can be adjusted, b) the back support of the experiment holding the
instrument in place in the horizontal plane whilst impacts are performed, c) the vertical supports, fixing the instrument in the vertical
plan whilst impacts are performed, d) the breadboard used to fix the entire experiment in place, e) the front support of the experiment
holding the instrument in place in the horizontal plane whilst impacts are performed, f) the saline input module attached to the Luerlock
to provide the saline solution to the tube, g) the tube holder module, fixating the tube in a certain curvature (the Figure showcases the
0 degree curvature module, but different curvature modules were used as well, as seen in Appendix E, h) the loadcell module that will
capture the impact from the tip at the distal end of the tube, and i) the loadcell support module, which fixates the loadcell in place and
allows for adjustable distance of the loadcell module to the tip.

For the last test a sample of cancellous bone replica
material from Sawbones will be utilised. This sam-
ple will be positioned between the working head and
the loadcell. Different impact magnitudes will be per-
formed upon the sample to analyse the penetration
rate. This will be done with the transmitting tube in
the straight position, as well as, in the 90 degrees po-
sition to prove that it still works when the tube is in
curvature. For each impact magnitude, 10 strikes will
be performed. The depth of the penetration will be
measured and averaged, so the average penetration
rate for that magnitude is found. Each individual test
over a certain compression distance will be performed
3 times, in order to, provide a more accurate penetra-
tion distance by taking the average of the three. The
working head will have the same travel distance each
time before impacting the sample.

5.5. Data analysis
For each test, the penetration depth after 10 strikes is
registered in an Excel table. The depth of the hole will
be measured with the help of a caliper with an accu-
racy of 0.1 mm. For each test the mean penetration
depth is taken and from that, the average penetra-
tion rate, millimetre per strike [mm/strike], is calcu-
lated. The data of the output of the loadcell, captured
with the help of LabVIEW, are processed with MAT-
LAB R2020a, to generate force over time graphs. These
force over time graphs are used to find the impulse
generated for every single impact of the working head
on the target tissue.

5.6. Results: Instrument testing
The goal of this experiment was to determine the fea-
sibility of the proof-of-principle hydraulic pressure
wave drilling method designed in this thesis. This was

done by 1) evaluating if the instrument actually per-
formed the required impacts, 2) examining the varia-
tion and efficiency in the impacts if the input impulses
altered, 3) examining the effect of the impacts and po-
tential efficiency alterations when the transmitting
tube was at a certain curvature, and 4) observing the
effect the impact produces on a sample of the cancel-
lous bone replica material. All steps have been per-
formed with the proof-of-principle instrument.

For the first step, the entire instrument was setup
to see if the instrument would work as intended. The
saline solution injection module was added and the
tube was filled. Getting the tube filled, without air left
in it, required many attempts to perfect. Air bubbles
remained in the tube, no matter the shaking, tapping
or adding of more liquid. Eventually, it was observed
that at a certain rotation of the part at the proximal
part of the tube, which would compress an O-ring, in-
side the handle part of the instrument, would allow
for liquid to be fully transported to the tube, where
it would remain without leaking, till impact occurred.
Furthermore, it was found that the tube needed to be
dismantled and manually drained of liquid before it
could be filled again. If this was not done, the tube
would not fill entirely, but would have residue gas bub-
bles left inside. Refilling of the tube was required, as
after impact the tube lost some liquid, due to the sud-
den high pressure in the tube, forcing some of the
liquid through the minuscule spacing between the tip
part and the tube.

The loadcell needed to be placed directly touch-
ing the tip, as if it was further away, it would show
really low force output levels which were unusable. It
was confirmed at the start of every impact test, whilst
the tip was touching the loadcell, no actual force was
being applied on the loadcell by the tip prior to the im-
pact test. All in all, the mechanisms in the instrument



40 5. Instrument testing

all worked as intended, and a force over time output
was measured after every strike.

Having confirmed that the instrument worked, the
next step was to examine the variation in the compres-
sion distance of the spring as input compared to the
output given by the loadcell. The tests started with a
10 mm compression distance of the spring, which was
increased with incremental steps of 5 mm till the max-
imum compression distance of 40 mm was achieved.
From 10 mm till 25 mm, no reliable output was ob-
served. In the graphs it was barely observed that a
impact had occurred between the tip and the load-
cell. From 30 mm onward, usable output data was
observed. For every step, 10 impacts tests were per-
formed. This was done, as there seemed to be some
variance in the output of every test. Figure 5.2 gives a
representation of 3 single output impacts from the 3
measured compression distances chosen at the writ-
ers own discretion. This figure shows only a single
strike instead of the averaged fitted line of the total
of 10 strikes for that particular compression distance.
This was done, because there was a lot of noise and
fluctuations which would result in an unusable graph
were it an averaged fitted line.

For the next step it was decided to continue with
the 40 mm compression distance. This was done be-
cause the impact, most often, succeeded with this
input compared to the others. Furthermore, it was
hypothesized that a bigger input would lead to a more
reliable output, as small outputs would be distorted
by the noise of the loadcell. In this step, curvature
of the tube was analysed. Two test experiments were
done and compared to each other and the initial no
curvature position. The first experiment had a curva-
ture of 45 degrees and the second one had a curvature
of 90 degrees. Both curvatures ran across the entire

Figure 5.2: Loadcell output of three single strikes with blue) hav-
ing a compression distance of the spring of 30 mm, red) having a
compression distance of 35 mm, and yellow) having a compression
distance of 40 mm.

Figure 5.3: Loadcell output of three single strikes with blue) having a
compression distance of the spring of 40 mm, as a reference for the
curvature variations, red) having a compression distance of 40 mm
and a curvature of 45 degrees, and yellow) having a compression
distance of 40 mm and a curvature of 90 degrees.

length of the tube excluding the tip mechanism, as
that needed to be straight in order to perform the im-
pact and not get stuck. Figure 5.3 presents 3 different
single impacts of the two curvature variations and the
initial straight variation, all having the 40 mm com-
pression distance of the spring. Again no averaged
fitted line was presented for the same reasoning as
the previous figure. In the figure, it is observed that
the 90 degrees curve presents the fluctuating curve,
as happened numerous times at the smaller output
levels of the impacts.

As all graphs had a same general triangle shape,
with an impact lasting 25 ms to 30 ms. The impulse
was approximated by calculating the impact duration
time by the peak force and dividing it by half, as using
the Matlab function to calculate the area beneath the
curve let to unusable data. This let to Figure 5.4, which
shows the impulse variation of the impulse outputs
for every experiment variation.

As a last experiment, a use case was performed.
Although the highest impulse output found was be-
low the required impulse output of 0.077 Ns that was
needed to show visible drilling of the cancellous bone,
as was previously stated at the start of this chapter
as a requirement, the experiment was still performed
to see if some interesting findings would be observed.
This experiment tested the impact of the tip on a block
of the cancellous bone sample. The cancellous bone
was held in place and positioned against the tip, whilst
making sure no initial force already occurred. 30 strikes
were performed on the cancellous bone. It was hy-
pothesized that potentially a lot of strikes would still
amount to drilling of the cancellous bone sample. Af-
ter 30 strikes, a small indentation of 1 mm to 2 mm
was observed, as seen in Figure 5.5.
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Figure 5.4: Impulse output of the different experiment variations
with blue) impulse output variation of the spring compression dis-
tance of 30 mm, orange) impulse output variation of the spring
compression distance of 35 mm, grey) impulse output variation of
the spring compression distance of 40 mm, yellow) impulse out-
put variation of the spring compression distance of 40 mm and
curvature of the tube of 45 degrees, and light blue) impulse out-
put variation of the spring compression distance of 40 mm and
curvature of the tube of 90 degrees.

Figure 5.5: Small indentation observed after striking the same spot
for 30 repetitive strikes with a compression distance of the spring
of 40 mm. (Tube is removed in order to see the indentation better
from an angle)
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Discussion

6.1. Main findings
The final experiment has proven successful.The exper-
iments performed in this thesis have provided proof
for the overall validity of the steerable drilling method
suggested in this thesis. During previous experiments
it has been observed that during penetration of the
sample low impulses were needed, no heat was pro-
duced, which could lead to necrosis, and resected ma-
terial was compacted against the side walls of the gen-
erated hole, which could potentially increase the hold-
ing strength of pedicle screws that would be placed
there. The last experiment has proven that the me-
thod is able to perform as intended in curved con-
ditions. Through this, the application of steerable
drilling could be achieved. Furthermore, the repetitive
mechanism has proven to work. After every strike, all
mechanisms returned to their initial position. Through
this, the repetitive impact drilling could be achieved.
The mean impulse of the largest compression distance
of the spring measured achieved almost 20% of the
required 0.077 Ns impulse that was required to allow
for visible fast drilling in the cancellous bone with a
penetration rate of 0.3 mm per strike.

Although, the required impulse of 0.077 Ns was not
achieved with the current setup, the method worked
and the potential is there to create a fully operable new
steerable drilling method. Numerous reasons can be
stated that the final impulse magnitude was not fully
achieved. First, it was observed that the tip had to be
positioned against the loadcell in order to capture the
output. Where the tip and loadcell further away from
the tip, between 1 mm to 2 mm, a large decrease in
output was observed. A reason for this could be the
friction that occurred in the tip part of the tube. Whilst
receiving the hydraulic impulse the tip would shoot
forward. But displacement of the tip forward induced
friction with the sides of the tube, and energy losses
due to the spring attached to the tip, that insured that
the tip would return to its initial position after impact.
During the many experiments and constant exposure
of liquid, this friction became more as the spring in
the tip started to show signs of corrosion.

Further reason of lower efficiency was caused by
potential air still being in the tube. The tube needed
constant draining, and refilling to make sure no gas
bubbles remained in the tube itself. Through visual
observation by eye of the tube after every refill it was
confirmed if the next impact test could be performed
if no gas bubbles were present. However, micro bub-
bles could not be observed this way, whilst they could
still decrease the efficiency of the hydraulic pressure
wave. This could be the biggest reason of the variation
in impulse output during the different tests. Further-
more, at the proximal end of the tube, which had the
part which allowed the tube to be coupled to the im-
pact generation part of the instrument, there was a
part of the tube not visible. It was unsure if gas bub-
bles were present in this part. If bubbles were present,
these would be of the micro kind, as bubbles with a
diameter of around 1 mm would cause detrimental
decrease in the impact output, which would be noted
with the loadcell output.

The instrument hosted more unavoidable efficiency
losses. One being the piston that would generate the
hydraulic pressure wave at the proximal end of the
tube. This piston needed to fit exactly in the tube.
The less space between the piston and the tube, the
better the formation of the hydraulic pressure wave.
However, theoretically they could fit exactly against
each other, but in reality this of course is impossible.
By decreasing the gap between the tube and the pis-
ton to generate a more efficient hydraulic pressure
wave, would also increase the friction between the
tube and the piston, which would in turn decrease
the efficiency of the instrument. Finding a balance is
very difficult, because of unevenness in the surface of
both parts. This piston had an O-ring around it as well,
to circumvent flow of liquid in the opposite direction
of the tube, as well as, a spring that would return the
piston to its initial position. Both these parts caused
efficiency losses as well.

All these previously mentioned efficiency losses,
together with the general friction and heat genera-
tion between moving parts, caused a large drop in
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efficiency of the instrument. In Table 6.1, the theoreti-
cal impulse is compared to the actual impulse output
of every experiment variation and calculated in a sim-
ilar fashion as was done in Chapter 3. As is clearly
observed in the Table, there was a low efficiency in
the transition of the input to the output. In Table 6.1,
it can be seen that there is a positive correlation be-
tween the increase in impulse and the increase in effi-
ciency. This is most likely caused by the larger impulse
inputs showing a more clear output graph than the
lower input impulses, as at lower impulse noise in the
loadcell played a larger part. Furthermore, it can be
observed that the efficiency decreases, as the curva-
ture increases in the tube. This makes sense, as the
hydraulic pressure wave is more easily refracted in a
more curved tube.

It must be noted that to calculate the output im-
pulse general calculations were used, instead of mea-
suring the exact impulse output. This was done, as the
loadcell did not provide extremely precise output, due
to the minor fluctuations. Still, the figures and the ta-
ble provide an averaged impulse, which shows a clear
positive correlation with the compression distance of
the spring and the impulse output, next to a clear neg-
ative correlation with the magnitude of curvature and
the impulse output, which confirm the expectations
of the experiment. Furthermore, it can be noted that
there is an almost linear increase in impulse output
suggesting that if the impulse input were to increase,
even higher impulse outputs can be achieved.

Examining Figure 5.2, it can be noted that the
curves when returning back to the rest state, tend
to go up again or remain constant at a point above
zero Newton. This is most likely caused by the tip still
applying some pressure to the loadcell after the ini-
tial impact has occurred, as in the starting position,
the tip was already in contact with the loadcell. Fur-
thermore, the curves, before they capture the impact,
already start not at zero Newton. This is because be-
fore the curve starts to rise due to the impact of the tip,
some fluctuations are measured. These fluctuations
before the actual impact output are disregarded, as
it does not contribute to the impulse output of the
instrument. These fluctuations are mostly caused by
the entire experiment experiencing some initial shock
and vibration caused by the input impulse generated
in the impulse generation part. For this reason, it
was decided to only examine the actual impact output
caused by the tip itself.

Figure 5.3 presents the same characteristics as the
characteristics previously mentioned for Figure 5.2.
Furthermore, the 90 degrees curve, presented an inter-
esting fluctuating curve. This loadcell output tended
to happen at the lower impulse magnitude levels. A
possible reason for this phenomena could be that the
impulse magnitude was not strong enough to induce

a continues line, but instead it would cause hitches
whilst performing the impact, causing the loadcell to
display a rising and declining fluctuating curve.

The use case experiment presented a small inden-
tation after 30 repetitive strikes with a compression
distance of the spring of 40 mm. The depth of the in-
dentation was around 1 mm to 2 mm. If this would
be achieved purely through the impulses of the tip,
this would mean that with a high frequency repetitive
strikes, the impulse magnitude level would already be
enough to be used for drilling in the cancellous bone.
With impacts only lasting around 25 ms, potentially
400 strikes per second can be achieved. However, it is
hard to say, if this was caused by the repetitive strikes
or could have occurred over time during the disman-
tling, draining, reattaching, and refilling of the tube,
which could have caused some minor contact inden-
tation as well. Furthermore, the indentation was only
on the surface of the cancellous bone replica sam-
ple. From previous experiments, it has been found
that the deeper the instrument would penetrate the
sample, the higher the impulses are needed to pen-
etrate further. No loadcell was attached during this
experiment, due to time constraints as the belief no
promising results would occur during the use case, as
from previous experiments it was validated that theo-
retically the maximum impulse measured was below
the required impulse that was needed to create visible
indentations after a few strikes.

6.2. Limitations
Partially addressed already in the previous section,
certain limitations were found. These consisted of
large amounts of efficiency losses mostly caused by
friction and leakage. Corrosion development in the tip
mechanism, also generated a decrease in efficiency.
Furthermore, the experiments proved to be really time
consuming, as after every impact test, the tube had
to be manually removed, drained, reattached and re-
filled, whilst ensuring no gas was left in the tube. If gas
bubbles occurred during the refilling process, the en-
tire process needed to be repeated. Whilst modelling
the final experiment, a lot of parts were required that
exactly had to fit. This was all needed to circumvent
leakage of the system. However, every self fabricated
or ordered part, of course came with certain size toler-
ances, which generated extra friction between parts,
as they were not exactly the same size as the modelled
part.

Due to the high speed of impact collisions and the
small scale of the instrument, it was hard to visibly
confirm that a strike occurred. Next to that, it was im-
possible to guess at the magnitude of the impulse that
was produced by observing the tests, in order to verify
the validity of the data that was shown as the output of



6.3. Recommendations 45

Experiment
variation

Theoretical Measured Efficiency

No curvature &
30 mm compression distance of spring

0.2998 0.0075 ± 0.0024 2.5% ± 0.8%

No curvature &
35 mm compression distance of spring

0.3497 0.0101 ± 0.0038 2.8% ± 1.1%

No curvature &
40 mm compression distance of spring

0.3997 0.0139 ± 0.0017 3.5% ± 0.2%

40 mm compression & 45 degrees curvature 0.3997 0.0072 ± 0.0020 1.7% ± 0.5%
40 mm compression & 90 degrees curvature 0.3997 0.0051 ± 0.0016 1.3% ± 0.4%

Table 6.1: Theoretical impulse input [Ns], compared to the measured impulse output [Ns], of the five different experiment variations. The
most left column indicates the achieved efficiency.

the loadcell. The method proposed in this thesis is also
intended to function with high frequency repetitive
impact. Due to time, costs and high complications in
design constrains, a manual single input impulse was
tested, with the assumption that if it worked for single
strikes, it would also work for high frequency repeti-
tive strikes. This ensured, however, that no tests could
be performed with this higher frequency, which could
have let to interesting findings that would be missed
by just observing individual impacts. Furthermore, all
experiments in this thesis are performed on replica
cancellous bone samples, which is not to say that the
findings will be same if they are to be performed on
actual cancellous bone of the vertebra.

6.3. Recommendations
To address the limitations mentioned in the previous
section, a number of recommendations will be men-
tioned. If follow-up experiments are to be done and
a new instrument is to be made for testing the me-
thod, a high focus must be on the efficiency of the
instrument. Alternate applications must be utilized in
order to minimize leakage, keep the tube filled with a
constant water reservoir eliminating gas formation, or
eliminate leakage altogether by designing an enclosed
system that can transmit the hydraulic pressure wave
through a medium without leakage. Having exact fit-
ting parts works theoretically, but during fabrication,
you will always encounter parts being slightly larger
or smaller than the model. For this reason, design-
ing a new instrument that allows for minor size toler-
ances of parts whilst operating as needed is important.
Furthermore, extra care must be taken to design with
materials that are resistant to corrosion, as was the
case eventually with one of the springs in the final
experiment.

Having an automatic impulse generator, like a sole-
noid, would also decrease the manual labour of do-
ing every test by hand. If combining this with remov-
ing the leakage, a lot more tests can be performed,
as every single test would also be performed much

quicker. Furthermore, with these applications, the
high-frequency repetitive impacts can be tested as a
solenoid allows for continuous repetitive impulse in-
puts. Not having to refill the tube would mean the
instrument can run continuously, delivering a contin-
uous frequency impulse output, which is the goal of
this method. Having a solenoid would also remove
the intermediate step that was used in the final exper-
iment where the impulse generation part would first
strike a piston that would then generate the hydraulic
pressure wave. A solenoid could be immediately at-
tached to the tube to generate the hydraulic pressure
wave. Alternate ways to generate impact could also be
examined, as mentioned in the preliminary research
of this thesis, like the electrohydraulic shockwave or
utilizing ultrasonics.

6.4. Future vision
With the recommendations in mind and the previ-
ous findings found throughout the research on this
thesis, a theoretical instrument can be designed that
could potentially work as a real-life instrument used
for steerable drilling through repetitive impact in the
cancellous bone of the vertebra. A visualisation of this
theoretical instrument can be seen in Figure 6.1. For
the impulse generation part, a solenoid will be utilized.
Many solenoids are available on the market that can
easily reach the impulse input needed to penetrate
the cancellous bone, as well as operate at a high fre-
quency and possess the correct travel distance. This
solenoid would generate a hydraulic pressure wave in
a bendable tube holding an enclosed liquid medium
to prevent leakage. This high-speed displacement of
the liquid without leakage generated by the solenoid
will generate a hydraulic pressure wave through the
tube and activate a tip at the distal end of the tube. The
liquid will be enclosed by highly elastic membranes,
which circumvent leakage but can be deformed elas-
tically if the membrane is struck by the solenoid. At
the proximal end of the tube, a tip will be situated,
attached to a membrane as well. This will be activated
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Figure 6.1: Visualisation of a theoretical instrument applying the method of drilling discussed in this thesis. It consists of the main handle,
which the operator holds while operating. This handle has a steering mechanism on top, allowing the surgeon to manipulate the working
head either to the left or to the right to allow for trajectory control during drilling. Pressing this mechanism downwards activates the drill.
Protruding from the front of the instrument is a shaft that functions as a retractable telescope used to support the part of the tube that has
not yet entered the vertebra. The tube inside the telescope holds a liquid medium through which hydraulic pressure waves can travel
from the handle part to the working head of the instrument. These hydraulic pressure waves are generated by a solenoid inside the main
handle. The hydraulic pressure waves activate the working head, making it shoot forwards, enabling it to penetrate the vertebra.

by the hydraulic pressure wave and shoot forward,
forming an impact on the target tissue.

Whilst the tube is still fully or partially operating
outside the cancellous bone, unwanted bending of
the tube can occur. For this reason, the tube will be
surrounded by a telescope that will retract the further
the tube penetrates the tissue. With this application,
the tube will be supported on all sides, removing un-
wanted refraction of the hydraulic pressure wave lead-
ing to efficiency losses. When the tube is fully inside
the tissue, the surrounding walls will act as the sup-
port. At this stage, the telescope will be fully retracted.
To make the device steerable, cables run through the
tube to allow for course alteration at the tip. As the
formed hole provides support on all sides of the tube,
only the tip needs to alter in direction. The rest of the
tube will follow automatically. The steering mecha-
nism will be activated by moving a mechanism, repre-
sented by the black protrusion on top of the handle in
Figure 6.1, either to the left or to the right. Pushing it
to the right will make the tip curve to the right and vice
versa. Pressing this mechanism downwards will initi-
ate the drilling. By combining these applications into
one mechanism simplifies the procedure of drilling
for the surgeon operating the instrument.

With this instrument, a new method for steerable
drilling in the vertebra is possible, which can aid in
drilling holes for pedicle screw placement. Errors can
be corrected easily if a wrong drilling trajectory is cho-
sen, which was previously not the case with straight
drilling. Furthermore, it could create curved holes,
which would allow for a whole new range of pedi-

cle screw designs that might possess higher holding
strength. This future vision has been made at the dis-
cretion of the author of this thesis. Its workings are
based on an educated guess combined with the knowl-
edge gained through the research in this thesis that
penetration through the use of repetitive strikes and
the bendable medium that can transmit the impulses
has been proven to work.
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Conclusion

This thesis presents the successful development
of an innovative drilling method that would allow for
trajectory control during drilling through the verte-
bra, particularly the cancellous bone of the vertebra.
This research was undertaken to combat complica-
tions that occur during drilling of the vertebra, like ill-
placed trajectories of standard straight drilling equip-
ment, which could lead to detrimental results if no
course correction is applied. Forming alternate curved
holes could lead to new innovative pedicle screws with
higher holding strength as well. Initial research was
done to find a promising drilling method out of nu-
merous known drilling methods. Following this re-
search, experiments were performed to validate the
effectiveness of the chosen drilling method on cancel-
lous bone using the cancellous bone replica material
from Sawbones. Positive results were found, which
led to the continuation of the drilling method. This
method consisted of drilling with the use of repetitive
strikes.

Impulse magnitude relations with penetration rates
were found for various tip variations, and an optimal
tip was selected that would be used to perform the
strikes. Following this, the most viable method for
the application of curved drilling was selected. The
final method selected used impulse, generated in a
handle, which would generate a hydraulic pressure
wave at the proximal end of a tube containing a liq-
uid medium. This hydraulic pressure wave would be
translated through the tube and activate a mechanism
displacing the working head forward at high veloc-
ity to perform an impact on the cancellous bone. The
tube is bendable, which would grant the application of
non-straight drilling. After every strike, the instrument
returns to its initial state, which allows for repetitive
strikes.

A proof-of-principle instrument was designed to
identify if the method could be adapted to allow for
the application of steerable drilling, and further re-
search was performed with positive results. Although
the instrument showed inefficiency, the method has
proven to be viable. The instrument proved that it is

possible to use repetitive impact drilling, presented
in this thesis, in curved states up to at least the de-
sired 90 degrees. The curvature of the tube led to a de-
crease in impulse output. The method reached almost
20% of the target impulse, which would allow for high-
speed drilling of the cancellous bone. An increase in
impulse input led to an almost linear increase in im-
pulse output, potentially indicating higher outputs
could be reached in the range of the target impulse
magnitude. Experiments found that during the repeti-
tive strikes, no heat development occurred, repressing
some necrosis, and resected bone was compacted to
the sides of the formed hole, potentially increasing the
holding strength for screw placement.

In the future, the problem of leakage should be
removed to increase efficiency, and an automatic im-
pulse generator, like a solenoid, should be utilized.
With the method validated in this thesis combined
with a mechanism that could alter the trajectory of
the working head, an innovative trajectory controlled
drilling instrument can be designed, which will have
great benefits in spinal surgery and possibly other
fields.
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A
Polyurethane foam compression strength

test

Overview
Synthetic bone is often used as a replacement for ca-
daveric specimens. This is because they have a low
variance in mechanical properties and are more com-
monly available, than real bone specimens. Further-
more they are uncontaminated and can be fabricated
in easy to work with geometries [55]. Polyurethane
foam is a widely used standard for mimicking human
cancellous bone [55]. Therefore a test is done to vali-
date and find the exact mechanical properties of store
bought two component polyurethane foam, which
will be utilized in this thesis for experiments.

Method
To validate if the use of polyurethane foam, made from
a ratio of 1:1 from the substances Polyol and Iso, is a
valid substitute for cancellous bone as the literature
proclaims it to be, a compression test is performed.
For this test the NEN-ISO 13314:2012 [63] was used as
a guideline. This is the international standard for com-
pression test for porous and cellular metals, which
was used as a guidance for the compression test, as it
gives the general steps ,which could also be applied to
a polyurethane foam. The test machine was conform-
ing to ISO 7500-1 and could compress the material,
at a constant crosshead speed, up to 5 kN. The test
specimen was placed between two parallel plates, that
would compress it, as seen in Figure A.1.

For this test five cubes of polyurethane foam were
compressed (Figure A.2). The density of the material
is 0.53 g /cm3, which is in the range of what the liter-
ature prescribes as relevant density of polyurethane
foam for mimicking human cancellous bone [55]. The
specimens were tested at room temperature, around
20 degrees, under normal conditions. The dimensions
of each test specimen are found in Table A1. For the
compression speed, a speed of 0.1 mm/s was chosen.
This velocity resulted out of the length of the test spec-
imen times the 5∗10−3, as was stated in part 7.3 of

Figure A.1: The compression machine performing the compres-
sion test shown in three stages: a) the start of the compression, b)
halfway during the compression test, c) the end of the compression
test, showing the plastic deformation of the test sample.

Specimen
code

Length
[mm]

Width
[mm]

Depth
[mm]

G1 20.2 19.6 20.0
G2 20.5 20.0 19.5
G3 21.3 19.6 20.0
G4 20.5 19.3 19.8
G5 20.6 20.1 20.1

Table A.1: Length, width and depth of each test specimen tested.
Orientation of the length, width and depth is found in Figure A.2.

the ISO-Norm [63]. When the machine performs a
test, it generates six different curves with on the x-axis
the sample steps and on the y the time, the load, the
extension of the compressor head, the stress, the per-
centage strain and the deflection from preload.

Results
From the results of the tests, stress strain curves can
be made, as seen in Figure A.3. There numerous out-
comes to the material properties of the polyurethane
foam test specimens can be found. The results show
the first maximum compressive stress and from the
graphs with the Equation A.1, the Young’s modules can
be calculated. This is calculated to see the elasticity of
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Figure A.2: Six test samples. The first five are used for the compression test with the last as backup.

Specimen
code

Maximum
compressive
stress (σ) [MPa]

Young’s
Modules
(E) [MPa]

G1 0.20 16.8
G2 0.23 19.8
G3 0.34 10.3
G4 0.22 28.7
G5 0.23 27.0
Mean + SD 0.24 ± 0.06 20.5 ± 7.54

Table A.2: Maximum compressive stress and Young’s modules for
each test specimen, read out of the graphs. Lastly the mean ± stan-
dard deviation is given from all the test (n=5).

the polyurethane foam.

E = σ

e
(A.1)

The Young’s Modules shows a wide range of results.
This is most likely because of the inhomogeneous
material structure of the polyurethane foam, which
causes for a wide scale of elasticity. The results for
each test are found in Table A.2, with the average re-
sult at the end.

Figure A.3: The stress/strain curve of the five different tests with the
polyurethane specimens.

Discussion
One test specimen, G3, had a stress/strain curve that
lay much higher than the rest of the tests. The ex-

act reason for this outlier is unknown, but it could
have been caused by a local increased density of the
polyurethane foam in that particular specimen piece.
The mean maximum compressive stress of the tested
polyurethane foam material is lower than that of the
compressive strength of cancellous bone in the verte-
bra found in the literature. Banse et al [64] finds, for
human cancellous bone in the vertebra, a maximum
compressive stress range from 0.60 MPa to 6.17 MPa
with a mean of 2.37 MPa. This is higher than the range
found in this compression test.

Conclusion
There are companies that specialize in human bone
replica material, like Sawbones and Synbone, that
offer polyurethane foam blocks in the range of the
compressive strengths. However, for the initial exper-
iments that will be performed to examine the effect
of impact on polyurethane foam, the current poly-
urethane foam, examined in this experiment, is deemed
acceptable, as it is relatively cheap and easier to ac-
quire than the materials offered by the previous men-
tioned companies. This will be advantageous for the
initial experiments as they require large quantities of
material in order for testing. For the post experiments
that will decide the official parameters of the instru-
ment that will perform the penetration of the cancel-
lous bone, polyurethane foam blocks from the previ-
ously mentioned companies, that are in the range of
the measured compressive strength range of human
cancellous bone of the vertebra, will be utilized.



B
Linear stage working head compression

experiment

Overview
In order to understand the amount of kinetic energy
the impact, from the polyurethane foam impact test,
has to provide to the target tissue in order to pene-
trate it, a test has to be done. Force, penetration rate
and work needed to penetrate the cancellous bone
substitute with the range of different working head
variations, will be tested. Due to lack of papers with
accurate data on penetration rates, forces, amount
of work or pressure to penetrate cancellous bone or
polyurethane foam, it was decided to test this for the
purpose of this paper. To test the magnitude of the
impact that is needed to penetrate the target tissue
at a certain rate, clear data has to be obtained for the
amount of work it takes to penetrate the target mate-
rial for certain depths. This test will provide answers
to the amount of work needed to penetrate the target
tissue to a certain depth with each variation of the
working heads. This will be done by penetrating the
target tissue with a constant velocity and measuring
the amount of force it takes to penetrate the target
tissue. The force integrated over displacement will
results in the total work, in joule [J], needed to move
from point x1 to x2, as seen in Equation B.1.

W =
∫ x2

x1
F d x (B.1)

Because only the maximum force needed to penetrate
the material over a small distance will be examined,
the work equation can be generalised to a more simple
equation, shown in Equation B.2, where a constant
force, F in newton, is assumed over a certain distance,
s in meters.

W = F ∗ s (B.2)

The work is the amount of energy needed to penetrate
the target tissue. This, will than give insight into the
amount of kinetic energy that is needed to penetrate
the target tissue through impact. In order to generate
this kinetic energy, compression springs are utilized in
the experiment following the current experiment. The

spring constant, k in Newton per millimetre, needed,
can be calculated by assuming conservation of energy,
which proclaims that the work (Equation B.2) is equal
to the spring potential energy, shown by Equation B.3
with x, the compression distance in meters, which
allows for the Equation B.4.

P = 1

2
k ∗x2 (B.3)

W = P,F ∗ s = 1

2
k ∗x2 (B.4)

Of course, total conservation of energy is not pos-
sible. There will be various energy losses, but it will
provide an approximation of the range of springs that
will be needed, in order to obtain the right amount
of kinetic energy for the impact experiment, that will
follow out of this experiment.

Method
The test setup that is used to acquire the results con-
sists of four parts:

• A linear stage: That will provide the constant
penetration velocity to the working head.

• A load cell: That will measure the amount of
force that is applied, whilst penetrating the tar-
get tissue, over a period of time. The load cell
has a capacity of 150 kg. The load cell is con-
nected to a Multifunctional NI-DAQMX and a
CPJ Analog Transmitter, that will translate the
load cells input to useable data which can be
utilized by LabVIEW.

• The working heads: That will be used to pene-
trate the target tissue.

• Target tissue (polyurethane block): The sam-
ple that will used to perform the penetration
onto. The dimensions of the sample block are
100 mm x 100 mm x 30 mm.
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The test setup, as seen in Figure B.1, will be able
to penetrate, with different working heads shown in
Figure 3.2, the target tissue. The linear stage will move

Figure B.1: The setup to test the effect of penetrating a cancellous
bone substitute, polyurethane, at constant speed. 1) linear stage,
with a chuck attached in order to insert different working heads, 2)
the working head that will penetrate the target tissue, 3) the target
tissue, consisting of a block of polyurethane, 4) the load cell, 5) A
Multifunctional NI-DAQMX and a CPJ Analog Transmitter, 6) the
mounting for the load cell and the plateau supporting the block of
polyurethane.

downwards at a constant speed of 1.0 mm/s, to allow
for accurate measurement of the required work. The
linear stage will move the working head over a dis-
tance of 25 mm. Over this 25 mm of penetration, 17.5
mm will be examined. For every working head varia-
tion the test will be performed four times, to get more
accurate results. The chosen penetration range will be
of the moment the working head makes contact with
the target tissue till the tip of the working head has
reached 17.5mm. This distance is chosen, as for every
tip variation at this distance, the tip of the working
head will be fully inserted into the target tissue, which
allows for a more relevant comparison, as some tips
have a point while others are blunt. Next to this, the
effect of deeper penetration can also be examined, as
deeper penetration might require more work, due to
friction or accumulation of compressed material in
front of the tip. The amount of force exerted by the
working head on the target tissue will be measured
by a loadcell. This loadcell will measure the force ap-
plied over time. The load cell, in combination with

a software programme called LabVIEW will measure
the required data. Further analysis of this data is done
with the help of MATLAB in order to find the required
results.

Results
Penetration with the variation of working heads was
performed a total of 84 times, 4 times for every sin-
gle working head of the 21 different working heads.
Force over a period of time was measured. From this
data, graphs were generated. When examining the
graphs (Figure B.2, B.3 and B.4), three variations of
lines are found. Of the first two, one has a steep in-
crease in force and then remains constant (Figure B.2),
the other has a continuous build-up of pressure till the
maximum penetration depth is reached (Figure B.3),
in the form of a steep rise in force, followed by a linear
and more gradual continuous increase in force. The
first variation graph, showing a constant force when
an initial depth was reached, only happened for the
working head variation 1 and 4, both having a relative
sharper tip than the rest. The rest of the working heads
showed a continuous increase in force needed to pen-
etrate the target tissue for increasing depth. Some
of the more blunt working head variations showed a
steep initial increase in force at the start of the pene-
tration, but after that, had a steep drop off of the force,
as can be seen in Figure B.4.

Figures B.2, B.3 and B.4 show the standard devi-
ation of the maximum measured forces of each test.
The more pointy tip variations show a smaller range of
maxima than the other tips. This might indicate that
those tips have a more constant penetration force to
get to certain depths, which is more beneficial, as it
allows for better predictions of the penetration rate of
the material with different force inputs. As earlier men-
tioned, tip variation 1 and 4 displayed a constant pen-

Figure B.2: Force over sample time graph for working head variation
1, with a 6 mm diameter, showing no force increase when a certain
depth is reached.
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Figure B.3: Force over sample time graph for working head varia-
tion 6, with a 4 mm diameter, showing continuous force rise for
increasing material depth.

Figure B.4: Force over sample time graph for working head variation
7, with a 8 mm diameter, showing dip after initial force peak is
reached.

etration force, when an initial depth was reached. Fig-
ure B.5 shows, that tip variation 1 performed slightly
better than 4, as it required less force to penetrate the
material with the two smallest diameters and had a
more constant force needed to penetrate the material,
when an initial depth was reached.

Table B.1, shows the average of the 4 individual
tests per tip variation. This gives an average of the
maximum force that was applied on the target tissue
with that particular working head. From this force,
the pressure was calculated as well, with the standard
force over area equation, where the area was gener-
alised to a flat surface with the relevant diameter. The
results can be seen in Table 1 and show, that having
a sharper tip decreases the amount of force needed
to penetrate the material. Lastly, the flat tip work-
ing head, variation 7, needs almost double the force
to penetrate the material than the sharpest working
head, variation 1, for the smallest two diameters.

Discussion
By examining Figure B.3, it can be noted that it is
highly likely that with deeper penetration, the forces
might be even higher than measured at the maximum
depth of this experiment. This can be seen, as at the
end of the measurement, when the maximum depth
is reached, the force increase is still slightly linear up-
wards. This can be explained by possible build-up
of material which occurs while penetrating the target
tissue at constant velocity, as for the more blunt tips
the material accumulates in the direction of penetra-
tion. This increases the amount of force needed, as
the density of the material increases due to compact-
ing of the material. For the sharper tip variations, it is
most likely that they push the material to the side, re-
sulting in a more constant penetration force required,
as can be seen in Figure B.2, as there is minimum
accumulation of the material in the direction of pen-
etration. For penetrating cancellous bone by using a
repeated impact method, this would be a great benefit,
as no removal of resected bone material is needed, be-
cause the material gets compacted to the sides. This
might also increase the holding strength of potential
screws being placed in the formed holes. Figure B.4
could be explained by the initial large increase of load,
which causes fast accumulation of material in front
of the tip. If the load then keeps increasing, the ma-
terial might succumb to the pressure, causing the tip
to shoot forward with little resistance, hence the drop
in force. This might be disadvantageous when per-
forming drilling in the vertebra as the operator might
slip due to the sudden decrease in resistance of the
material, which might have detrimental effects. Fur-
thermore, Table B.1 shows that increasing the working
head diameter, decreases the amount of pressure over
the penetration area needed to penetrate the material.
This might be caused by the slightly elastic properties
of polyurethane foam, found in appendix A, of the tar-
get material. This might cause more friction to the
smaller diameter working heads than to the larger di-
ameter working heads, through clamping the working
heads due to elastic pushback of the material. This
would have a larger effect on smaller diameters than
on larger diameters. All in all, tip variation 1 and 4
were most efficient as they required the least penetra-
tion force. Next to this, they showed that they required
a relative constant penetration force, to penetrate the
material, which is also beneficial.

Conclusion
With the maximum force measured, the amount of
work can be calculated, which is needed to penetrate
the material at the maximum depth of this experiment.
By taking equation B.2 over a distance of 2 mm with
the maximum force that was found, by working head
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Figure B.5: Standard deviation of the maximum measured forces of each test. The working head (tip) variation number is shown in Figure
3.2.

Compression test: tip variation Diameter of the working head
4 mm 6 mm 8 mm

Tip variation*
Maximum average
Force (N)

Maximum average
Pressure (Mpa)

Maximum average
Force (N)

Maximum average
Pressure (Mpa)

Maximum average
Force (N)

Maximum average
Pressure (Mpa)

1 19.5 1.55 34.5 1.22 64.3 1.28
2 19.6 1.56 61.6 2.18 69.9 1.39
3 41.5 3.3 60.1 2.13 67.4 1.34
4 24.7 1.97 36.1 1.28 50.5 1
5 31.2 2.48 46.8 1.66 62.6 1.24
6 35.2 2.8 55.1 1.95 67.7 1.35
7 33.5 2.66 55.3 1.95 70.8 1.41

Table B.1: This table presents the average of the maximum forces [N] needed, for each test, to penetrate the target tissue for every single
working head to a depth of 17.5 mm for 17.5 seconds, with a penetration speed of 1 mm/s. Next to this, from this maximum force, the
maximum pressure [MPa] is calculated and presented table as well. * The working head (tip) variation number is shown in Figure 3.2.

variation 7 with an 8 mm diameter, a work of 0.142
Joule is found. The distance of 2 mm was chosen to
also have the ability to see if fast penetration of the
working heads was possible. With this result, the range
of energy, the compression spring will need, in order
to, penetrate the target tissue with 2 mm per strike,
is set, as shown by equation B.4. With this range the
spring constant of the spring needed can be decided,
that will be able to generate the amount of energy
needed to penetrate the target tissue, with the various
working heads. As there will be losses due to friction,
air resistance, thermodynamics and possible recoil of
the tip when it strikes the target tissue, the maximum
amount of energy needed is doubled, to ensure the
losses are accounted for and penetration will still be
possible with all tip variations. The maximum energy
needed will be set to 0.282 Joule, calculated with the
previous set parameters and Equation B.4. To allow for
a sufficient variation in different impact magnitudes,
that will be delivered by the spring, a minimum com-
pression distance of the spring is set to 30 mm. This
distance is chosen, as is believed that this will allow
for a sufficient range of different impact magnitudes
to be analysed. By inserting the established prerequi-
sites, a minimum compression capability of 30 mm

and maximum energy of 0.282 Joule, into Equation
B.3, a spring constant of 0.63 newton per millimetre is
found. A spring, with a spring constant in the range of
the established spring constant, will be utilized in the
succeeding impact experiment.
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Impact test: Sawbones, cancellous bone

replica sample

Overview
To establish the right parameters that will be used to
penetrate cancellous bone, an impact test of the final
tip variant (Tip Variant 4, ; 4 mm, Figure 3.2) on a
cancellous bone replica sample, with a compression
strength and porosity characteristics in the range of
actual cancellous bone of the vertebra, must be per-
formed. The goal of this test will establish the impulse
required to achieve a certain penetration rate that will
be used for the final proof of principle instrument
that will be designed. In the previous tests, done in
Chapter 3, the store bought polyurethane foam was
used, described in Appendix B. For the new test, a
new cancellous bone replica sample is utilized from
the Company Sawbones. They provide certified pro-
fessional made and tested bone replica models and
samples, with a variety of mechanical characteristics.
In this new test, the impact test on the Sawbones sam-
ple, comparison to the previous used polyurethane
foam will be done, in order to, validate that tip variant
has the same desirable tip characteristics when per-
forming the impact, as was seen while testing impact
on the polyurethane foam. This is because, the de-
sired tip characteristics, higher penetration rate and
no material accumulation, that were found with the
use of the polyurethane foam, are also desired for the
new sample, in order for, tip variation 4 to still be a
viable variant.

Method
The test set up used for this test is exactly the same
as the one used for the impact tests in Chapter 3, in-
cluding the same spring (;24.4 mm, spring constant
k=0.78 N mm−1). The only difference is that instead of
the block polyurethane foam, as target tissue, another
material is used. For this test a block of Solid Foam,
10 PCF, 130 mm x 180 mm x 40 mm (Sawbones, USA)
is utilized. The material has a compressive strength
of 2.2 MPa, which is in the range of actual cancellous

bone of the vertebra (0.60 MPa to 6.17 MPa with a
mean of 2.37 MPa [64]). Next to this, it provides con-
sistent properties that are in the range of human can-
cellous bone. The sample conforms to the ASTM F-
1839-08 “Standard Specification for Rigid Polyurethane
Foam for Use as a Standard Material for Testing Or-
thopaedic Devices and Instruments”.

The only tip variant used during this experiment
will be Tip Variant 4 (Figure 3.2), which will be mounted
to the distal end of the linear slider (Figure 3.3.a4). A
total of 3 test sets will be performed for each com-
pression distance. A test set consists of ten sequen-
tial strikes with the same compression distance of the
spring. Compressing the spring and releasing it will
form the impulse the tip variant will perform onto
the Sawbones sample, the target tissue. After the ten
strikes are performed, the depth of the indent in the
sample, will be measured. This measurement will re-
sult into the penetration rate [mm/strike], calculated
simply by dividing the depth by the ten strikes. A total
of 5 different compression distances of the spring will
be tested. These are 10 mm, 15 mm, 20 mm, 25 mm
and 30 mm. This will give a sufficient variety of im-
pulses with their related penetration rates, from were
the final instrument can be designed. Next to this, the
effect these impulses will have on the target tissue can
be examined, as well as, to see if they compare to the
previous used polyurethane block in Chapter 3.

Results
The impact test with the tip variant 4, with O.D. 4 mm,
was performed a total of fifteen times. The test was
done three times for every compression distance, with
a test consisting of ten strikes. Force, caused by the
impulse of the tip, over a period of time was measured,
with the loadcell. From this data, the impulse of each
strike could be calculated with the help of Equation
3.4. Next to this, the depth of the hole that was cre-
ated after the ten strikes was measured with the use
of a caliper. This depth measurement averaged over
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the ten strikes resulted into the penetration rate. The
results of these two measurements are presented in
Table C.1.

Discussion
The impact test has proven to still be viable using a
cancellous bone replica material with a higher com-
pression strength. This is because it is still possible to
create holes using the impact method. Furthermore
it is observed that a same sort of hole forms, when
the working head strikes the target tissue. The mate-
rial gets pushed to the side, just as what happened
with the initial polyurethane foam. This is beneficial
as there will be no need for resected bone removal
and the sides of the formed hole will become more
compact, which could increase the holding strength
of a potential future placed screw. Furthermore, no
crackforming was found while striking the target tis-
sue. Next to this, an obvious increase in impulse,
needed to achieve the same penetration rate as the
previous test in Chapter 3, was found. This was caused
by the increase in compression strength of the Saw-
bones material compared to the initial polyurethane
foam material. When comparing Table C.1 with Figure
3.4, a decrease in penetration rate between 5 and 6 is
found, whilst the compression strength of the material
increased by around a factor of ten. The penetration
rate still showed a relative large range between ± 5 %
to 10 %, similar to the initial used polyurethane foam,
except that there were no real outliers. The two afore-
mentioned points are most likely caused because of
the Sawbones material being more consistent through-
out the material than the initial polyurethane foam
material, which is beneficial for testing, as it results
into more consistent measurements. Furthermore, it
was found that the new material had less damping
than the initial material, as can be seen in Figure C.1,
where the impulse of the new material takes about half
the time to recede, as the same impulse on the initial
material. This means the new material is less elastic,
resulting in less friction of the working head with the
material, as the new material will contract less around
the working head than the initial material. This might
result into a relative less impulse magnitude needed to
gain the same penetration rate, were it a more elastic
material like the initial polyurethane material. This
means less impact has to be applied on the patient,
were it being actually used on real cancellous bone
of the vertebra. Furthermore, less elasticity could be
a more beneficial effect, as this means the material
returns to its rest state faster. Because of this, the
frequency can be increased without having to worry
about possible other effects that might occur if the
material receives an impact whilst still being effected
by the previous impact. Although, this might not be a

Figure C.1: Two impulses, equal in magnitude and with the same
tip variation (tip variation 4, ; 4 mm, Figure 3.2), performed on the
two cancellous bone replica samples, with blue) the new sample
used from Sawbones, and orange) the initial polyurethane foam
material used in the initial tests.

problem at all, as no tests have been performed where
this phenomenon was tested.

Conclusion
A range of different compression distances has been
tested with tip variation 4, with O.D. 4 mm, on the new
cancellous bone replica material from Sawbones, USA.
This resulted in a list of different impulse magnitudes
with a certain related penetration rate. This data can
be used to design the proof of principle instrument.
With a spring compression distance of 30 mm a pen-
etration rate of almost 1 mm per strike was achieved.
This is believed to be more than sufficient for drilling
into a vertebra. Therefore, the aim of the instrument
will be to achieve a maximum penetration rate of 1
mm per strike as a benchmark. If the instrument can
achieve this, without complications, it has proven its
viability as a possible method for possible steerable
drilling using the impact method in a future surgical
device. Such a penetration rate will be too fast for the
delicate surgical procedure, which is drilling into a
vertebra. But if it can achieve this penetration rate, it
can achieve lower penetration rates. For testing with
the proof-of-principle instrument the new material
from the company Sawbones will be continued to be
utilized. Next to the one used in this test, two other
samples, with different compression strengths, will be
used, to simulate different bone strengths of different
patients.



57

Compression
Distance Spring

Penetration Depth [mm] Penetration Rate [strike/mm] Impulse [Ns]

10mm 2.93 ± 0.28 0.293 ± 0.028 0.077 ± 0.005
15mm 4.0 ± 0.46 0.40 ± 0.046 0.100 ± 0.001
20mm 5.97 ± 0.40 0.597 ± 0.040 0.149 ± 0.005
25mm 7.57 ± 0.31 0.757 ± 0.031 0.177 ± 0.009
30mm 9.50 ± 0.70 0.950 ± 0.070 0.198 ± 0.022

Table C.1: Overview of the experimental results from the impact test on the new cancellous bone replica sample from the company
Sawbones, USA. The table presents the penetration depth, that was achieved for each test, penetration rate and the impulse that was
related to that test. The values are indicated as mean ± standard deviation (n=10). The three values were measured for the five different
spring compression distances.
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D
Hydraulic pressure wave

Hydraulic pressure wave formation
In order to create a bendable drilling shaft, a method
must be utilized that can translate the impulse, gen-
erated at the proximal end of the instrument, towards
the working head, at the distal end of the instrument.
To achieve this, a bendable tube, filled with liquid, is
utilized. The impulse generated at the proximal end
of the instrument, will be translated through the tube
in the form of an hydraulic impulse, also known as a
longitudinal hydraulic pressure wave. The hydraulic
pressure wave is caused by changing the velocity of
a non-compressible liquid suddenly. Pressure energy
is changed to kinetic energy in the form of a pressure
wave. The hydraulic pressure wave will travel through
a medium till it dissipates by either pressure loss over
time or if it strikes an obstruction making it bounce
back, losing energy in the process. This bouncing back
repeats itself, resulting in the wave traveling back and
forth through the medium, till the wave is fully dis-
sipated. The hydraulic pressure wave will translate
through the tube towards the distal end, where it will
activate the working head, which will perform the im-
pulse on the target tissue, as seen in Figure D.1 . This
method has been proven to work by Sakes et al [52].

Figure D.1: A longitudinal hydraulic pressure wave, represented
by the compressed blue region, travelling to the right with a wave
velocity v [m/s]. The pressure wave gets created by the plunger, on
the left side, compressing the liquid in the tube in a sudden motion.
This creates a compressed region in the liquid, which in turn pushes
against the neighboring region, forming a pressure wave through
the liquid. Arriving at the distal end, the wave pushes against the
working head, accelerating it and making it shoot forward.

Hydraulic pressure wave transfer
The hydraulic pressure wave will travel through the
medium with a certain velocity. This velocity can be
calculated with equation D.1. The equation, explained
in the paper of Sakes et al [52], presents a formula to
calculate, in a thin-walled cylindrical pipe, the velocity
of the hydraulic pressure wave, v [m/s].

v =
√

1

ρ
( 1

K + D
Ee

) (D.1)

The equation takes the Young’s modules, E [Pa],
and wall thickness, e [m], of the tube into account.
Increasing either one, makes the pipe stiffer, hence
increases the velocity. Increasing the diameter of the
pipe, D [m], has the opposite effect. It decreases the
wave velocity. Furthermore, the bulk modules, K [Pa],
and the density of the fluid, ρ [kg /m3] also affect the
velocity. The pressure wave causes rarefactions and
compressions in the fluid medium. The velocity is,
therefore, related to compressibility of the fluid. The
bulk modules of the fluid represents this difficulty of
fluid compression. Next to this, the inertia of the fluid,
which causes the resistance to the return or alteration
of the equilibrium state, is represented by the density,
due to mass being involved [52].

Hydraulic pressure wave losses
Fluid propagating through a tube, cannot be done
without encountering some losses. One of these losses
is caused by the no-slip condition for viscous fluids.
This condition assumes that fluid will have zero ve-
locity relative to a solid medium. At the fluid-solid
boundary, all fluid velocity is equal to that of the solid
boundary [65]. The no-slip condition is well explained
for conventional pipe-flow. Unfortunately this is not
the case for propagating pressure waves. Therefore, in
the paper of Sakes et al [52], a simulation was done,
to establish the effect of a propagating wave in rela-
tion with the no-slip condition. It was found that the
no-slip condition did have an effect on the decay of
the propagating wave. For this reason the volume to
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surface area of the tube plays an important role in the
efficiency of the transmission of the hydraulic pres-
sure wave through the medium. Furthermore, it was
found that, due to surface roughness, a higher magni-
tude pressure wave loses its energy faster than a lower
magnitude pressure wave [52].

Another reason for dissipation of the hydraulic
pressure wave is due to partial or total deflection of
the wave at the fluid-solid boundaries, which can be
caused by having a non-linear tube, a sudden decrease
in the inner-diameter of the tube or due to the wave
hitting a wall at the end of the tube. Furthermore,
the elasticity of the tube wall plays a part in the dissi-
pation speed of the hydraulic pressure wave, as well.
Shear stress (explained by the no-slip condition be-
fore), axial compression of the wall and movement
of the tube, all take energy from the propagating hy-
draulic pressure wave, hence increasing the decay of
the wave. For all these reasons, it is important to select
the right tubing, which will allow for the most efficient
transmission of the hydraulic pressure wave [52].

Cross-sectional form of the transmit-
ting part
Due to the friction loss, explained in the previous sec-
tion, the cross-sectional shape plays an important role
in the efficiency of the wave transmittance. The best
tube cross-sectional shape is found to be the circle.
To give an example of why this is, imagine having a
circular pipe with a diameter of 0.1 m. If we were to
compare it with a square pipe with the same cross-
sectional area, we would need a square with 0.1773
m sides. If we calculate the perimeter of both pipes
we find that the circular is equal to 0.6286 m and the
square pipe is equal to 0.7092 m. Because frictional re-
sistance depends on magnitude of the inner perimeter
of the pipe, the resistance, due to the no-slip condi-
tion, will be 13% more using a square pipe, than using
a circular one.

As explained in the previous section, the elasticity
of the wall of the tube, which is related to the Young’s
modules and the wall thickness, also effect the effi-
ciency of the transmission of the hydraulic pressure
wave. However, finding and choosing an optimal wall
thickness and material to use for the tubing will be a
very difficult task, as the tube must abide to certain
criteria. For this reason, it is best to choose a tube with
a high enough burst pressure, that will barely expand
if a pressure is introduced within the tube, but can still
make a bend of 90 degrees over the entire length of
the tube.
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Proof of principle experiment setup

variations

This Appendix presents the different variations of
the proof of principle experiment, presented in Chap-
ter 5, that was utilized to prove the application of
drilling in cancellous bone with the use of hydraulic
shockwaves through a bendable medium, as seen in
Figures E.1, E.2, E.3, E.4, E.5, E.6, E.7, and E.8. Expla-
nation of the fabrication and workings of the proof of
principle experiment are also given in Chapter 5.

Figure E.1: Proof of principle experiment with the 45 degrees curva-
ture tube holder module. This setup was utilized in order to proof
that the instrument would still have an impact output if the tube
was bend at a 45 degrees angle over the entire length of the tube
excluding the tip part.

Figure E.2: Proof of principle experiment with the 90 degrees curva-
ture tube holder module. This setup was utilized in order to proof
that the instrument would still have an impact output if the tube
was bend at a 90 degrees angle over the entire length of the tube
excluding the tip part.

Figure E.3: Close up showing the 0 degrees curvature tube holder
module.

Figure E.4: Close up showing the 45 degrees curvature tube holder
module. The white part next to the tube holder module is the top
part of the tube holder module, used for securing the tube in place
so no movement occurs from the tube itself. This is used so the
wave can travel through the tube without losing additional energy
to unwanted movement of the tube.
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Figure E.5: Close up showing the 45 degrees curvature tube holder
module with the additional white part secured on top of the tube
to fixate the tube in the correct curvature and withholding it from
additional movement of the tube when the impact tests are per-
formed.

Figure E.6: Close up showing the 90 degrees curvature tube holder
module. The white part next to the tube holder module is the top
part of the tube holder module, used for securing the tube in place
so no movement occurs from the tube itself. This is used so the
wave can travel through the tube without losing additional energy
to unwanted movement of the tube.

Figure E.7: Close up showing the 90 degrees curvature tube holder
module with the additional white part secured on top of the tube
to fixate the tube in the correct curvature and withholding it from
additional movement of the tube when the impact tests are per-
formed.

Figure E.8: Use case experiment of the proof of principle instrument.
In this setup, the impact output of the tip is used to examine if it is
strong enough to cause indentation in the cancellous bone sample.
The sample is secured in a 3D printed clamp. This clamp allows for
the sample to be moved forwards and backwards, in relation to the
instrument, where after when the right position is found in relation
to the tip, the sample is secured.

Figure E.9: Side view of the use case experiment of the proof of prin-
ciple instrument. On the left is the tube holder module supporting
the tube with the tip that will perform the impact upon the cancel-
lous bone sample, which is located in the middle of the Figure. To
the right is the clamp module, holding the cancellous bone sample
in place. The clamp module can be moved forwards and backwards
with the use of the grooves and after the right location is obtained,
the clamp module is secured fastly to fixate the cancellous bone
sample in place.

Figure E.10: Close up of the tube holder module with the distal
end of the tip in contact with the cancellous bone sample. This
was the starting position of every impact test of the use case experi-
ment. The additional holes located in the sample are from previous
experiments not related to this experiment.
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